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equipment at a very reasonable investment. 
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Recent Theories of Ferromagnetism 


OT so very long ago By FRANCIS BITTER 

ferromagnetism was 

merely one of the many 
curious and mystifying 
properties possessed by 
certain types of solids, too 
complicated to be of par- 
ticular interest to scientists 
and, until the spread of elec- 
tricity, of little practical 
importance except in the 
mariner’s compass. Today, 
the subject is of great in- 
terest not only to the engi- 
neer, who has found many 
ways of using ferromagnetic 
properties and has de- 
veloped new alloys that 
are far more satisfactory 
than the more common fer- 
romagnetic materials, but 
also to the physicist. It seems very probable that 
ferromagnetism soon will be an important tool in 
the study of the fundamental theory and structure 
of metals. 

It is proposed to outline in this article the progress 
that has been made in the understanding of ferro- 
magnetism during the past few years. Since the 
suiccesses have been confined to a small part of the 
subject, it may be well before entering upon a more 
detailed exposition to point out the general charac- 
ter of the experimental facts, so that the reader may 
see the recent contributions, important as they are, 
in a reasonable perspective. 

One of the important facts about ferromagnetic 
materials is that their magnetic properties change 
radically with temperature. However, discussion 
of those properties, especially that part of especial 
interest to engineers, may be limited to room tem- 
peratures. Suffice it to say that temperature de- 
pendence of those properties which are understood 
at normal temperatures may be explained qualita- 
tively at least. The most important quantitative 
results in this regard are contained in the Weiss 
equation 
les al, 


=— = tanh — 


T T (1) 


relating the saturation value of the magnetization 
I, at any temperature T to the saturation value at 
the absolute zero of temperature, J,, and certain 
atomic theory constants represented by the symbol 
a. Foramore complete discussion of eq 1 the reader 
is referred to any book on ferromagnetism, for in- 
stance, ‘Magnetism and Atomic Structure’ by 
Hw @, Stoner. 

At normal temperatures, then, the behavior of 
ordinary soft ferromagnetic materials may be divided 
conveniently into 2 parts. In small fields, of the 
order of one oersted or less, there are usually hyster- 
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Recent advances in ferromagnetic theory, 
which are outlined briefly in this article, 
are concerned principally with the effect of 
elastic deformation on magnetic properties 
and the related magnetostriction. 
the ninth of a series of special articles re- 
viewing contemporary advances in several 
of the more important and rapidly ad- 
vancing fields of science that are of especial 
interest to electrical engineers, and pre- 
pared under sponsorship of the A.I.E.E. 
committee on education. 


esis effects, i.e., the mag- 
netization is not determined 
uniquely by the external 
field, but depends also on 
the previous magnetization. 
This is the magnetic range 
of interest primarily in the 
transmission of signals, as 
in telegraph or telephone 
lines, where the energy 
available for magnetizing 
fields is limited. The dis- 
cussion in the following 


Westinghouse Elec. & Mfg. Co. 
E. Pittsburgh, Pa. 


This is 


phenomena not involving 
hysteresis, and _ therefore 
will omit a large part of 
that interesting and im- 
portant phenomena. In 
larger fields hysteresis ef- 
fects are usually negligible 
—magnetization approaches saturation reversibly. 
Recent developments in theory have been useful 
chiefly in this range, and have had practical appli- 
cations in the development of materials for power 
machinery, where both large and small fields are 
involved. In addition to the soft ferromagnetic 
materials, there are magnetically hard materials, the 
permanent magnets, which at present will have to 
be left completely out of the discussion. 

Further, of very great importance is the effect of 
elastic deformation on magnetic properties and the 
related magnetostriction, or deformation caused by 
magnetization. This phenomenon can be treated 
by the new theories within the previously mentioned 
limitations—in the absence of hysteresis effects. 
Other phenomena, such as the effect of magnetiza- 
tion on elastic constants, on electrical resistance, etc., 
can be treated by the methods to be outlined with the 
same order of accuracy as magnetostrictive effects, 
but will not be discussed further in this paper. For 
details and further references see a review by the 
author in Metallwirtschaft, v. 12, 1933, p. 720, 735. 


MOopEL OF A FERROMAGNETIC SUBSTANCE 


Without going into detail, or justifying the pro- 
cedure on the basis of atomic theory, an array of 
elementary permanent magnets of atomic dimen- 
sions having a marked tendency to be parallel to their 
neighbors will be used as a model of a ferromagnetic 
substance for purposes of this discussion. In the 
absence of other restraining forces these elementary 
units will point in the direction of any applied field, 
because by doing so they reduce their energy in the 
field to a minimum and at the same time satisfy 
their tendency of being parallel to their neighbors. 
In the absence of external fields they may break 
up into groups pointing in various directions, in 
which condition their resultant magnetization is 
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pages will be limited to 


indeterminate. As already explained, in very small 
Iifields hysteresis effects usually are pronounced, and 
* these effects will be left out of the discussion. Mag- 
netization of the model will proceed as in the curve 
smarked [100] in Fig. 2. 
_ Magnetization curves for ordinary ferromagnetic 
@materials do not resemble the curves assumed for 
this model; but it has been found that single ferro- 
magnetic crystals, when magnetized in certain par- 
eticular crystallographic directions, do behave very 
much like the model. For simplicity attention will 
be confined to iron, a cubic crystal. Similar results 
have been obtained for other substances and pre- 
sumably hold equally well for solid solutions. The 
» customary designation of the principal axes is shown 
in Fig.1. In Fig. 2 are shown magnetization curves 
Hor polycrystalline iron as well as for a single crystal 
‘magnetized in the 3 principal crystallographic direc- 
© tions. It may be seen that only along a tetragonal 


g 
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I} THREE TETRAGONAL AXES SIX DIGONAL AXES FOUR TRIGONAL AXES) 


Fig. 1. The principal axes in cubic crystals 


| axis does the actual curve approach the theoretical 
| curve of the model. A theoretical interpretation for 
) all these curves has been worked out by N. S. Aku- 
(lov (Zezt. fur Physik, v. 67, 1931, p. 794, and many 
) more articles in the same journal); his results are 
| shown in solid lines in Fig. 2. Experimental ob- 
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Fig. 2. Magnetization curves of iron 


servations are in agreement with the theoretical 
curves except as shown by broken lines. The curve 
for polycrystalline material may be considered as 
the average of the curves obtained for all possible 
crystallographic orientations. The theoretical curve 
for polycrystalline material never has been calculated. 
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Fig. 3. Shows 


MAGNETIZATION OF PERFECT CRYSTALS 


Akulov’s theory is based upon the proposed model, 
modified by the addition of crystallographic sym- 
metry. Since magnetization proceeds practically 
to saturation in very small fields only if these are 
applied parallel to one of the 3 tetragonal axes, it 
may be assumed that the elementary magnets are 
constrained by some type of force to point along 
one of these axes, and that work must be done to 
rotate them into other directions. An easy check 
on this suggestion is the following: If a small field 
be applied parallel to a digonal or trigonal axis, the 
resultant magnetization in the direction of H must 
be given by 


1 evel 
I {110} = I, —= = y 


Fa 7 Taig 7 1220 
1 1,710 
Th] = Is /3 = 1.732 = 990 


as may be seen readily from the diagram in Fig. 3. 
That these magnetizations are found experimentally 
may be seen in Fig. 2. The tetragonal axes are 
called the directions of easy magnetization. If a 
field be applied in any direction, magnetization will 
proceed to saturation in the direction of the nearest 
tetragonal axis. A further increase in the component 
of J parallel to H can take place only by a rotation 
of the direction of magnetization. Of the forces 
opposing such a rotation little can be said beyond 
the fact that their existence and order of magni- 
tude falls quite within the limits predicted by the 
quantum theory of atomic phenomena. 

Instead of dealing with forces, it is more convenient 
to consider /,, the energy per unit volume of a 
crystal, as a function of the direction of magnetiza- 
tion. Supposing one could take hold of the satu- 
rated magnetization, how much work would have 
to be done to rotate it from some standard orienta- 
tion, say [100], to any other given by the direction 
cosines @;, a;, a,, measured with respect to the cubic 
axes of the crystal? Expanding E, in powers of a 
gives a general expression of the form 


Fea =a+ 
Gijas? + Gaza; 23s... 


dissan? + disjoi2aj + ..... 
eRe 60 G Gc = G34} 70%s7 02; 


+ 
i eet 
where a, ), etc., are arbitrary constants. 
Remembering that a,? + a;? + a,? = 1 and that 
E, must have cubic symmetry, or that it must have 


H 


that the compo- 
nent of Is along 


H 
he A dae, 
digonalor trigonal 
axis is Is/V2 
and 1|s//3, tre- 
spectively 
dl Is Is 


the same value for crystallographically similar direc- 
tions of magnetization, as for instance a; = l, 
a, = 0, a, = 0, or a; = 0, a, = 1, a, = 0, or a; = 0, 


7 
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1, the most general expression involv- 
ing powers of @ not higher than the fourth is found 
to be 


Eo = 2c(aiP2a;? + aj?a,? + a,%a;7) + constant 


a = 0,a, = 


(2) 


= Ye yy ai2a;? + constant 
iak 

c being an arbitrary constant. Figure 4 shows a 
plaster model of /, in which the length of the radius 
from the middle of the model to the surface in any 
direction represents the energy of the crystal when 
magnetized to saturation in that direction. In the 
model c is chosen positive. This makes the hollows 
of the figure (directions of easy magnetization) fall 
parallel to the tetragonal axes, as in iron, and humps 
(directions of most difficult magnetization) parallel 
to the trigonal axes. In the presence of a magnetic 
field a further term must be added to the energy, the 
total being 


Ee = constant + c Sy a;?a;? — I;H cos 


(3) 
y being the angle between J, and H. In order to 
find the actual direction of magnetization in any 
given field it is necessary to find for what direction 
(or what values of a, a;, a,) EH, has its lowest or 
minimum value. This is the most stable direction 
of magnetization, and from it follows at once the 
component of J, in the direction of H. For ex- 
ample, to compute the magnetization for any value 
of H applied along the [110] direction, it is conve- 
nient to rewrite eq 3 in polar codrdinates 


(4) 


Magnetizing force H is applied in the direction 6 = 
m/2, 9 = 1/4 (see Fig. 5). It is apparent that for 
any positive values of H, the minimum of /, must 
lie in the plane 6 = 7/2, so that eqs 4 reduce to 


a; = sin @ sin ¢ a; = sin @ cos ¢ a0, 


a; = sing a; = cos¢ az = 0 
and finally 


Eo = 2c sin? ¢ cos? g¢ — I;H cos (1/4 — ¢) + constant 


which has a minimum when ¢ satisfies the equation 


= 0 = 4c sin g cos ¢ (cos? y — sin? y) — J,H sin (1/4 — ¢) 


Og 
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Fig. 4 (left). Model of an 
iron crystal, and a plaster 
model representing Eo, the 
energy required to magnetize 
this crystal in different direc- 
tions, as described in the 
text 


Fig. 5 (right). Diagram il- 
lustrating the transformation 
ineq 5 


Putting J = I, cos (1/4 — ¢) this easily can be shown 
to reduce to 


3 
=a A ie, n (5) 
The value of c chosen to give the close agreement 
between theory and experiment shown in Fig. 2 


1S 


c = 2.15 X 10° ergs per cubic centimeter 


The hysteresis loops of reasonably pure annealed 
iron have in general a width of considerably less than 
one oersted. The discrepancies between theoretical 
and observed curves in Fig. 2 in fields up to about 50 
oersteds are therefore not caused by hysteresis ef- 
fects, and will be discussed after the effect of elastic 
deformation on magnetization has been considered. 


MAGNETIZATION OF 
HOMOGENEOUSLY DISTORTED CRYSTALS 


The elastic distortion of a crystal may be repre- 
sented by means of a tensor A,,, which gives the co- 
ordinates of a point after the distortion (x’, y’, 3’) 
in terms of its codrdinates before the distortion by 
means of the equations 


(1 + Ais)x + Asyy + Ainz 
Ajix + (1 + Aijy + Aj 
Ax + Any + (1 + Anz 


x 
oe 
4 
(A tensor is a group of numbers, such as A;;, Aj... 
etc., that may be used as in the foregoing equations 
to express the distortion of a solid.) 

For instance, if there is an elongation parallel 
to the x axis of amount e, and a contraction in the 
y-z plane e/2, 


x’ = (1+ e)x y’ = (1 — e/2)y 
which may be obtained by putting 
Ay =e Aj; =An = —e/2 


2’ = (1 — e/2)z 
Ay; = Aj = sieht =a 


It can be shown readily that such a distortion 
involves no change of volume. For reference the 


Table 
Elongation parallel to [100] Ai =e, Ajj = Ark = —e/2 
Elongation parallel to [110] Ati = Ajj = 4: Akk = —e/2, Atj = Aji = ae 
Elongation parallel to [111] Aij = Aji = Ajk = Akj = Aki = Aik =e/2 
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| 

_ tensor components of a distortion of this type in a 
\ cubic crystal whose tetragonal axes are parallel to the 
' x, y, and z axes of the codrdinate system used are 
given in Table I. 

The procedure outlined for obtaining the energy 
of a crystal as a function of the direction of magneti- 
) zation may be applied equally well to distorted crys- 
tals; it is necessary merely to add in the expansion 
» terms involving products of 4,, and a,, etc. Doing 
so, and limiting the operation to the simplest terms 
of the expansion, the most general expression for Eo 
_ having the desired cubic symmetry is found to be 
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Figs. 6 to 8. Magnetization curves of iron crystals 
elastically distorted by tension in various crystal- 
lographic directions 
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Eo =c yo ai2a;? + KylAno? -+- Aya? + Azpos*] + Bl Ags+ 
Aji)oia; + (Aj, + Anjajoar + (An + Ain)aiaxz] — I,H cos p 
— E ey ar;?.00;? + Ky YS Assay? =f Ko Yo! Aijoie; = plat cos yp (6) 


The magnetization curve of a crystal elastically 
distorted in any manner describable by the tensor 
A;,; now can be calculated by the same processes, 
merely using the more complete expression for Ls, 
provided the values of constants K, and K, suitable 
for iron are known. How these constants may be 
evaluated from data on magnetostriction will be 
shown in the next section. The result is 


K, —3.06 X 10% ergs per cubic centimeter 
Ky = 2.85 X 10’ ergs per cubic centimeter 


i tl 


Magnetization curves for iron crystals elongated 
in each of the 3 principal directions are shown in 
Figs. 6 to 8. The values of A,; used are those shown 
in Table I. Only very small elastic distortions can 
be given a single crystal and these, in general, would 
not have the simple form given in Table I. The 
curves are intended merely to indicate the type of 
result to be expected. For certain values of H and 


-€ the function E, has several minima of equal or al- 


most equal energy. In such cases the procedure 
outlined becomes ambiguous, and this fact is indi- 
cated by the cross-hatched part of the curves. A 
comparison of these curves with experiment cannot 
be made as no experimental data are available. 
The theory of distorted crystals was advanced by 
R. Becker (Zezt. fur Phystk, v. 62, 1930 p. 253, and 
subsequent articles with collaborators in the same 
journal; also F. Bitter, Physical Review v. 438, 1933, 
p. 655). He and his collaborators have checked 
certain predictions with observations on _ poly- 
crystalline material, especially nickel. 


MAGNETOSTRICTION 


When the magnetization of an iron crystal changes, 
its shape changes also. This change of shape is 
called magnetostriction; it can be calculated for 
rotations of the direction of magnetization from 
eq 6. The forces required to produce the distortion 
A,, are given by a tensor F;, defined by the relations: 


oy) 


(7) 
FE being the total energy of distortion of the crystal, 
F, plus the elastic energy E,, 


CAN 6 / / 
Ea = = ? Aj? + a ) AyAjjy + Ca ) A;;? 


where the elastic constants have in iron the values 


cn = 0.287 X 10% ce. = 0.141 X 10% 
cs, = 0.116 X 1018 ergs per cubic centimeter 

The question is, what are the distortions of the 
crystal for any given direction of magnetization that 
will make all the external forces F;, defined by eq 
7 vanish? There are 9 equations to solve which 
will give the 9 tensor components defining the shape 
of the sample as functions of a,, a,, a,. Instead of 
these results it is more convenient to use the change 
in length per unit length of a sample, 6//], measured 
in a direction given by the direction cosines 8;, 6,, 
B,, caused by a change in magnetization from any 
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Fig. 9. Magnetic pattern on a nickel crystal. 
Direction of applied magnetic field —> 


given original state to the final state given by 
a;, a, Carrying out this operation gives 


/ 
t . ) Abe + ) A;;8:8; + constant 


—/ 
=k + yas ar aia; BiB; 


Ki 


om = C12 


(8) 


To illustrate the application of eq 8, consider the 
change in length in the direction of magnetization 
resulting from magnetization to saturation along a 
tetragonal axis. In this case a, = B; = 1, a, 
a, = 6; = 6, = 0, and consequently 61/1 =x 
ky. The constants xo, m1, and x, may be evaluated 
by a comparison with experiment; for iron they are 


found to be 


ko = —15.5 X 1078 kK, = 382.0 X 1076 k = —12.3 X 710-8 


From these and the elastic constants, K; and K. can 
be evaluated. Agreement between eq 8 and ex- 
periment is fair, but it is possible that a close check 
requires that further terms in the expansion of E, 
be taken into account. The available experimental 
data are not sufficiently consistent to settle this point. 


CONCLUDING REMARKS 


In the discussion so far 8 arbitrary constants have 
been used. The saturation value of the magneti- 
zation J, can be accounted for more or less accu- 
rately by atomic theory, especially as regards its 
variation with temperature. Of general interest 
is the conclusion that the magnetic elements giving 
rise to magnetization are spinning electrons some- 
where near the outer surface of the atoms. The 
constant c measuring the binding energy between 
the direction of magnetization and the lattice also 
can be accounted for roughly on the basis of atomic 
theory. The other 6 constants, 3 elastic and 3 de- 
termining magnetostriction, are purely empirical. 
One may expect that present notions of atomic in- 
teractions can account for them, but the computa- 
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tions are so involved that no successful attempts 
so far have been made. 

The discrepancies between theory and experiment 
shown in Fig. 2 in fields up to 50 oersteds in all 
probability can be ascribed to the fact that the crys- 
tals on which observations were made were not per- 
fect. 
domly oriented distortions varying from point to 
point within a crystal, it is possible to calculate, 
using Becker’s theory, the resulting magnetization 
curve. Such calculations show that random dis- 
tortions not only can account for the rounded 
curves found experimentally (Fig. 2), but also can 
predict certain peculiarities at low flux densities 
which in fact do exist. The conclusion is that in 
those ferromagnetic crystals so far examined, random 
distortions of the order of, or somewhat larger than, 
magnetostrictive distortions are present. (Further 
discussion of this point will appear shortly in a paper 
by the author in the Proceedings of the Royal So- 
ciety.) 

In closing it may be well to point out, that in spite 
of the success of the comparatively simple ideas 
discussed in this article, the phenomena themselves 
are more complicated. It is well known that mag- 
netic powders may be used to detect inhomogenei- 
ties in magnetization along the surface of a ferro- 
magnetic substance. The same method somewhat 
refined and applied to single crystals has shown that 
instead of being homogeneously magnetized, as 
might have been expected, flux leaves or enters the 
surface in a regular way. For instance, a powder 
of magnetic iron oxide (Fe,O3) allowed to settle 
slowly out of suspension onto the surface of a nickel 
crystal, settles in a pattern such as that shown in 
Fig. 9. The larger periodicity is roughly 0.1 mm. 
These lines are not permanent structural features, 
but can be made to move by changing the magneti- 
zation. Similar, though characteristically different, 
results have been obtained for iron and cobalt crys- 
tals (F. Bitter, Physical Review v. 41, 1932, p. 507). 
How these patterns can be fitted into theories, or 
even what part they play in the process of magneti- 
zation, is at present a mystery. 


A Study of Nitrogen in 
Metallic Arc Weld Metal 


ONE of the most important and most 
difficult problems involved in electric welding is the 
control of the nitrogen content in the deposited weld 
metal. For the most part, research work to date has 
been concentrated upon the effect of nitrogen in the 
deposited metal and not upon the actual control of the 
nitrogen content of the deposited metal. 

In recognition of the importance of this subject, 
the A.I.E.E. board of directors, acting upon the 
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Assuming that actual crystals contain ran-_ 


recommendation of the A.I.E.E. committee on elec- 
tric welding, in 1932 enlisted the coéperation and 
‘support of The Engineering Foundation toward the 
underwriting of a research project then under con- 
sideration at Massachusetts Institute of Technology. 
With the Foundation’s support, John W. Miller, 
_a graduate of Simpson College (1929) and recipient 

of a masters degree from the M.I.T. mining and 
‘metallurgy department, initiated an extensive re- 
search into the subject of nitrogen in metallic are 
» weld metal. Upon completion of his work, Mr. 
q Miller was awarded the degree of doctor of science. 
( Doctor Miller’s thesis has been bound by the A.I.E.E. 
i and placed in the Engineering Societies Library, 29 
| West 39th Street, New York, N. Y., where it. is 
_ available for reference purposes. 

Doctor Miller’s thesis embraces a comprehensive 
review of the literature, and other topics related to 
_ the subject of his research. With specific reference 
) to the nitrogen content of deposited weld metal, 
' Doctor Miller studied and reported the effect of the 
| nitrogen content of the welding atmosphere, carbon 
} content of the electrode, electrode size, amperage and 
) voltage, lime coating on electrodes, hard drawn and 
) annealed, electrodes, and reversed and straight 
( polarity. 
| In his investigation Doctor Miller found that the 
' nitrogen content of weld metal deposited by the 
; metallic arc process may be diminished by increasing 
the size or diameter of the electrodes, increasing the 
carbon content of the electrode, increasing the 
current density, reversing the polarity, decreasing 
| the nitrogen content of the arc atmosphere, decreas- 
_ ing the voltage used, and using heavily coated elec- 
_ trodes. 

A rapid method for the determination of nitro- 
gen in weld metal is outlined in detail and a discussion 
of the microstructures found in metallic arc weld 
metal is included. 

| The author proved, by means of X ray diffraction 
} work and heat treatment, that the needles found in 
the weld metal probably are due to the presence of 
nitrogen in the form of the compound Fe,N which is 
precipitated and segregated. By the same means, 
he has shown that the main oxide present in weld 
metal is the magnetic oxide of iron. Also it was 
found that the needles may occur at both the grain 
boundaries and within the grain itself and that they 
may tend to segregate. The presence of Neumann 
bands was noted and some discussion given them. 

The report shows that conditions leading to the 
absorption of nitrogen also lead to the burning out 
of carbon and contamination by oxygen. 

A discussion of the gases probably responsible for 
blowholes in arc weld metal is included. It is 
explained that the gas most likely to form blowholes 
in the weld metal is carbon monoxide with perhaps 
the assistance of hydrogen and hydrocarbons (if 
such occur) which may be present. 

Excellent evidence is shown that, at the high tem- 
peratures of welding, an increase in the temperature 
causes a decrease in the solubility of nitrogen in iron. 

Physical test data show that conditions leading 
to a decreased nitrogen content result in improved 
physical properties. 
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Electrical Practices 


in USSR Steel 


On the basis of several years of first 
hand association the author here describes 
some of the current electrical practices in 
the steel industry of the Soviet Union, and 
indicates the general trend of development. 


By 
GORDON FOX 


MEMBER A.I.E.E. 


Freyn Engineering Co., 
Chicago, IIb. 


a Pee GENERAL PROGRAM for 
the development of the steel industry of the Soviet 
Union includes some rehabilitation of old plants. 
To a large degree, however, it involves the con- 
struction of complete new plants or new depart- 
ments. Projects for some 10 complete new plants 
may be considered as active. While these plants 
differ individually, in most cases they involve coke 
ovens, sintering plants, blast furnaces, steel works, 
and rolling mills, together with a large number of 
shops and accessory units. 

In most instances the steel plants do not stand 
alone. Brick plants, cement plants, car fabricating 
shops, etc., having industrial relationship with the 
steel plants, are located contiguously. Towns for 
the employees of these industrial districts also are 
involved. 

In a nation where all industry is under the control 
of a central government, several advantages are 
possible, both in standardization of practices and 
in coordination of related enterprises. To some 
extent, stich codrdination has been applied in the 
utilization of energy sources and the provision of 
energy services to these districts. For instance, 
by-product gases from coke ovens and blast furnaces 
are used, not only in the steel works, but in the 
related plants and in the towns. District heating is, 
in some degree, associated with power development 
at the steel plant. Water supplies are sometimes 
coordinated. 

In most cases those steel plant sites that are most 
favorable in other respects are not favored as to 
water supply. This perhaps is a principal reason 
that has dictated the general policy of restricting 
the size of electrical generating stations in the steel 
plants. These generating stations are sufficiently 
large to protect essential consumers, to utilize by- 
product fuels, to provide bled steam for district 
heating needs. 

The initial steps toward rehabilitation of old 
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General view of the Kuznetsk steel plant, Stalinsk, Siberia, taken in 1932, showing the power house at the left, blast 
furnaces in the center, and coke oven plant at the right 


plants, under German influence, involved the in- 
stallation of several gas engine driven generators. 
More recently this policy has been abandoned 
entirely in favor of turbine generators. A popular 
size of turbine generator in the larger plants is 
25,000 kw, the station comprising 1 to 4 such units. 
Supplementary power, at these plants, is received 
from high voltage loop lines usually at 32 or 110 
kv. These loops are parts of existing or proposed 
networks supplied from large and favorably located 
generating stations. 

In the matter of power distribution, each plant, 
of course, is a study unto itself. A general arrange- 
ment that has proved advantageous in several cases 
involves an electrical generating station in con- 
junction with the blowing station at the blast 
furnaces. The step-down substation at which 
supplementary power is received is located in the 
general vicinity of the rolling mills. This arrange- 
ment is attractive because of the predominance 
of electric power consumption in the rolling mill 
area. The generating station and step-down sub- 
station are connected by tie lines. 

Underground distribution of electric power 
strongly predominates. Greater expected reliability 
is the principal factor that dictates this practice. 

In a few instances tunnels are provided for the 
underground cables. To a limited extent, par- 
ticularly for small outlying consumers, armored 
cables of the parkway type are buried directly in 
the ground. Preference is growing rapidly, however, 
for the American system of duct line construction. 
Fiber duct is favored, but is available only by 
import. Initially, small sewer tile is being sub- 
stituted. Cables are paper insulated. Varnished 
cambric insulation is not yet produced in the Soviet 
Union, but its manufacture at an early date is 
contemplated. 

In general, new Russian steel plants cover con- 
siderably larger areas than would be required in 
America, and consequently the distribution of 
electricity and all other services is rendered some- 
what more expensive by this condition. Track 
curves of large radius contribute to this situation, 
such curves being necessitated by the wide track 
gauge and by the 4-wheeled rigid-axle cars. 

Two systems of primary distribution were care- 
fully compared in connection with several projects. 


In one system power was to be generated and dis- 
tributed at 6 kv. The larger motors were wound 
for this voltage; for smaller motors, 380 volts were 
used. In the other system power was to be gen- 
erated at 10 kv. The larger motors were wound 
for that voltage; intermediate motors were wound 
for 3 kv, and the smallest motors were rated at 
380 volts or, in some cases, at 500 volts. Each of 
these systems has advantages and disadvantages. 
Cost analyses indicated that the savings in first 
cost associated with the use of the 10-kv system 
were not great, and in general were insufficient to 
warrant the adoption of this higher voltage in the 
face of slightly reduced operating efficiencies with 
high voltage motors and increased extent of trans- 
formation. In exceptional cases where large power 
plants were involved or where transmission dis- 
tances were extended, the use of 10 kv was thought 
to be justified. The practice therefore was adopted 
tentatively to design the windings of large main 
drive motors for delta connection at 6 kv, and star 
connection at 10 kv. 


Center aisle construction typical of Russian steel 
mill substations 


Protective relays and solenoid operating mechanisms are 
mounted directly on cell walls. Oil switches can be operated 
manually by means of removable handles, not shown. Servicing 
is done from outdoors through exterior doors in each cell 
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The frequency of 50 cycles is standard throughout 
the Soviet Union. This frequency is well adapted 
to steel plant requirements. 

In general, it is considered preferable to ground 
the 10-kv and 6-kv systems through high resistance, 
in conformity with European practice. The 3-kv 
systems and 380-volt systems, of restricted extent, 
are generally ungrounded. Lighting systems are 
grounded. 

Although there are, of course, many variations to 
suit local conditions, distribution systems are com- 
monly of radial or modified radial types. The 
Russian tendency was to provide duplicate radial 
feeders from the main distribution points direct 
to most consumer substations. This practice has 
been modified gradually in favor of 2-stage radial 
distribution in which lesser consumers are some- 
times supplied as subfeeds from main consumer 
substations. The use of emergency tie lines be- 
tween consumers, rather than duplicate radial 
feeders in certain instances, also is gaining headway. 
Loop systems of distribution were considered in 
several projects, but cost analyses generally were 
unfavorable. The limitations of Russian made 
relays now available also militate against this 
system. Loops therefore are used in relatively 
few instances. 

Substation designs and switching arrangements 
savor strongly of continental European practice. 
The prevailing basic scheme is the double bus with 
2 sets of disconnecting switches and one oil switch 
for each connection. The disconnecting switches 
are manually operated, and arranged to be closed 
either selectively or simultaneously; oil switches 
usually are remote electrically operated. 

In general the substations are long, narrow build- 
ings, having an operating aisle centrally located 
between 2 rows of switches. Oil switches are placed 
in small chambers adjacent to exterior walls, and 
exterior doors are provided for access to and removal 
of the equipment. Glass is provided either in or 


Upper level of switch structure typical of Russian 
steel mill substations 


6-kv buses appear above; disconnecting switches are in the 
lower compartments 
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Control room in a Russian steel mill substation 


above these doors to serve as a relief valve for gases 
liberated in the oil switch chamber in the event of 
an oil switch explosion. 

The wide spread adoption of this general switching 
system and this mode of substation construction 
results in part from the fact that existing Russian 
types of oil switches and fittings were designed 
for and are adapted to such systems. These 
methods are not confined to the Russian steel in- 
dustry, but characterize Russian electrical practice 
in general. American electrical engineers who have 
cooperated in designing Russian steel plants con- 
sistently have criticized and opposed these switching 
practices and have recommended the adoption of 
American practice which may very broadly be 
characterized as entailing: 


1. Double bus with 2 selective oil switches per circuit for important 
generation stations. 


2. Single bus for nearly all substations, this bus being sectionalized 
to promote reliability and flexibility wherever the character of the 
station demands such sectionalization. 


Probably no phase of electrical practice in the 
Russian steel industry is less advanced than the 
field of switching and substation design. Three 
types of Russian made oil switches are available for 
steel plant use, having rupturing capacities of 
250,000, 150,000, and 100,000 kva at 6 kv. Oil 
blast or deion features have not yet been applied 
to any of these switches. 

Since most of the Russian steel plants are con- 
nected to high voltage networks that are expected 
ultimately to involve large amounts of power, oil 
switches of rather high rupturing capacity would 
be indicated. Rather liberal use of reactors has 
been adopted for the double purpose of limiting 
short circuit currents and oil switch sizes, and for 
restricting voltage disturbances. These commonly 
take the form of feeder reactors. By this means 
the wide adoption of the 150,000-kva oil switch, 
an economical selection, has been made possible. 

As yet, the use of cubicle and metal clad types 
of switching are hardly feasible in Russian steel 
plauts except in connection with imported apparatus. 
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Switching for 6-kv lighting distribution 
This view shows incoming feeder and manually operated 
primary oil switches controlling 2 3-phase transformers 


As there is a shortage of rolled steel, and as the 
Russian electrical factories are unable as yet to 
meet all demands for equipment, it is hardly feasible 
to push the “‘factory built” idea. It is more feasible 
to erect masonry cell structures in the field. 

The great majority of transformers used in 
Russian steel plants are 3-phase units. Only in 
the very large sizes is the use of single phase trans- 
formers resorted to. The Russians have been 
reluctant to locate transformers in steel plants out 
of doors. The practice of housing transformers in 
ventilated rooms or chambers still prevails, although 
a few outdoor installations have been projected. 
Most of the transformers are of oil-insulated self- 
cooled types. Bouchal’s type of temperature relays 
are adopted frequently,.this being inherited practice. 

For supplying direct current to main roll drives, 
motor generators are standard. For supplying 
direct current to auxiliary drives, motor generators 
also are used. Existing Russian sets are of slow 
speed and rather cumbersome, expensive, and 
limited in commutating ability. Mercury vapor 
rectifiers, produced in the Soviet Union, are favored 
by many, and are being tried out in a few plants. 
If they prove satisfactory, their wider adoption 
seems likely. 

Main roll drives will be of 3 principal types, 
namely: reversing drives, constant speed drives, 
and adjustable speed drives. The Russian factories 
are just starting to build main roll drives. It is 
probable that, for some time to come, most main 
roll drives will be imported. Russian designs in 
all probability, will follow American practice rather 
closely. Two 7,000-hp reversing motors for driving 
blooming mills have been built in the Soviet Union, 
the control being along American lines. The use 
of synchronous motors for Ilgner sets for reversing 
drives for rail, structural, and universal mills is 
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seriously considered. It is probable that nearly 
all constant speed drives will employ synchronous 
motors. The general tendency will be toward 
highly subdivided groups with one motor driving 
1, 2, or 8 stands. Self-contained parallel-shaft 
gear units are favored over bevel gears and lay 
shafts. As yet the Russians display a desire to 
restrict gearing to rather low ratios. 

For adjustable-speed drives for new mills the 
direct-current motor will be almost universally 
employed. For these motors 600 volts has been 
adopted as standard, and Ward-Leonard starting 
will be usual. Individual drives will be the rule 
rather than the exception. For auxiliary drives 
and cranes the use of direct current at 220 volts 
has been widely adopted for new plants. Some of 
the older plants retain a-c auxiliaries; others use 
direct current at about 500 volts. The latter 2 
systems represent prevalent European practice. 

The Russians have adapted for mill and crane 
use a “‘box”’ type of crane motor, the armature of 
which is removable through the end of the frame. 
Steps are being taken to split horizontally the frames 
of some of the larger sizes. This motor has an 
armature of rather large diameter and considerable 
inertia. It is built only in the “bare’”’ type without 
axle bearings. This motor was adopted as a neces- 
sary expedient due to its availability, many Russian 
engineers realizing its deficiencies. The development 
of a mill-type motor along American lines is a 
probable occurrence of the near future. 

Inherited designs of Russian controllers are largely 
of the drum type. The advantages of magnetic — 
control are fully recognized. Russian factories 
have produced several magnetic controllers designed 
along American lines. The wide spread use of 
this type of control is limited only by lack of avail- 
ability. 

New Russian steel plants are designed for rather 
high illumination intensities. In accord with cus- 
tomary European practice, initial installations are 
being made on the basis of 220-volt lamps, and 
3-phase distribution. This system was adopted 
because of stringency of copper, although there is a 
division of thought, many Russian engineers favor- 
ing the use of 120-volt lamps. The use of single 
phase circuits for lighting has been prevented in 
part by the fact that Russian electrical factories 
do not as yet produce small single phase distribution 
transformers. The practice of supplying separate 
transformers for lighting supply recently has been 
adopted. In some of the earlier installations a 
combination 220/380-volt supply for power and 
lighting was used. 

It is anticipated that alloy steels will find con- 
siderable demand in the Soviet Union. The pro- 
duction of alloy steels in electric furnaces will be 
restricted, however, by the high cost of electric 
power at most steel plant sites. The situation at 
Dneiprostal (Zaporosche) plant is exceptional. This 
plant is located on the Dnieper River contiguous to 
the Dneiprostroy hydroelectric development. Sev- 
eral electric furnaces have been installed there for 
production of alloy steels. Ferro-alloys will also 
be produced there in large electric furnaces. Some 


ELECTRICAL ENGINEERING 


of these furnaces will consume marginal power that 
is not available throughout the entire year. 

It should not be considered that the electrical 
practices sketchily outlined in the preceding para- 
graphs represent final, fixed procedure in the steel 
plants of the Soviet Union; the whole situation is 
in a state of flux. Systems are evolving slowly. 
To a large extent, usage has been dictated by char- 
acteristics of equipment available from Russian 
electrical factories or by import from sources afford- 
ing attractive commercial terms. To no small degree 
engineering has been compromised to necessity. 

A consistent and well advised attempt is being 
made to crystallize and standardize practices as the 
industry develops. The commission which func- 
tions to this end is one which comprises representa- 
tives of GIPROMEZ, the general planning institute 
for the steel industry, and V. E. O., the state electrical 
trust. As American engineers have been attached 
to both of these organizations, the earmarks of 
American practice are seen in many directions. 


A New Laboratory for 
High Voltage Testing 


A description of the impulse, power fre- 
quency, and high frequency testing facili- 
ties now available in a new high voltage 
laboratory is given in this paper. In 
particular, a new form of 3,000-kv im- 
pulse generator is described wherein size, 
inductance, and stray capacitance have 
been reduced to a minimum by a helical 
arrangement of capacitor units. 


By 
J.T. LUSIGNAN, JR. 


MEMBER A.I.E.E. 


H. L. RORDEN 


ASSOCIATE A.1.E.E. 


Both of the Ohio Brass Co., 
Barberton, Ohio 


I. ORDER THAT present day line 
insulation problems may be studied fully in the 
laboratory, it is desirable that the proper voltage 
generating, measuring, and recording facilities be 
available. To investigate the lightning insulation 
necessary for operating voltages up to the present 
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limit of 287 kv, an impulse generator for voltages 
of the order of 3,000 kv is essential. To take care 
of normal frequency requirements over the same 
range, a 60-cycle voltage of at least 1,500 kv to 
ground is desirable. For special high frequency 
studies an oscillator having a generating capacity 
of about 750 kv will suffice. 

Although indoor testing with the above facilities 
affords freedom from unfavorable weather conditions, 
the need for ample electrical clearances, particularly 
for full-sized tower and equipment set-ups, dictates 
that some provision for outdoor studies be made. 
It was with this in mind that the new laboratory 
arrangement described herein was planned. In Fig. 
1 is shown a plan of the laboratory building and 
grounds. The main laboratory building is shown at 
the left, and to the right is the outdoor test area. 
Here the various tower structures are stored, each 
mounted on its own car and located on the proper 
storage track. In this way any structure may be 
brought to the test track shown, where it is easily 
accessible for impulse tests up to 3,000 kv to ground 
and 60-cycle tests up to 2,000 kv to ground. For 
these tests connection is made either to the portable 
impulse generator at one end of the building or to 
the chain connected transformer set at the other, 
the latter having 2 units outdoors and 1 indoors. 
In the arrangement shown on the test track in 
Fig. 1, a single-circuit steel tower insulation assembly 
is connected in parallel with a wood pole H-frame 
assembly for a simultaneous impulse flashover test 
on both to determine the relative insulating proper- 
ties of the 2 under lightning. 

In Fig. 2 is shown a perspective view of the interior 
of the main laboratory building. The impulse 
generator, which will be described fully in the follow- 
ing paragraphs, is at the left with the 2,000-kv section 
connected for test. The 1,000-kv top section is 
suspended above the door, only the lower insulators 
of it being visible. On the right is the power fre- 
quency test area. The transformer mounted on the 
porcelain pier in the pit is the first unit of the 
2,000-kv chain-connected set and the smaller unit 
in the corner is for special power frequency tests up 
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Fig. 2. 


Interior of main laboratory building 


to 300 kv. Mounted on the tracks in the left fore- 
ground is the air-insulated transformer coil for high 
frequency testing. The equipment-and rooms in 
the background are for special test purposes to be 
described later. The mezzanine platform in the 
center background provides a safe vantage point for 
witnessing practically all tests, both indoor and 
outdoor. 


IMPULSE GENERATING FACILITIES 


While an upper limit of 3,000 kv was desirable for 
the high insulation range, it was decided that 2,000 
kv would take care of most requirements and there- 
fore would suffice for the indoor installation. Ac- 
cordingly, a portable impulse generator for 2,000 kv 
was designed, to which a 1,000-kv section could be 
added for operation outdoors. As the Marx circuit 
of parallel charging and series discharging was 
adapted ideally to such an arrangement, it was 
chosen for the generator. The particular form used 
is shown in Fig. 38, which illustrates the parallel 
charging stage and the series discharging stage. At 
the completion of the charging stage the 3-electrode 
gap, Gi, is sparked over by a control circuit surge 
placed on the middle electrode. This causes all the 
remaining gaps to sparkover successively, thereby 
connecting all capacitor units in series as shown in 
the discharge diagram. Capacitor units each rated 
75 kv and 0.33 uf are used, with 2 in series in each 
bank as shown. There are 42 such units in the set 
so that a maximum charge voltage of about 3,150 kv 
may be obtained. 

The arrangement of the charging transformer 
circuit is somewhat different from that used in most 
Marx generators. Instead of having one of the 
transformer terminals connected to the midpoint 
of the first capacitor bank as is often done, this 
terminal is grounded and a resistance is inserted 
between this ground point and the capacitor bank 
midpoint, as shown in Fig. 3a. In this way one 
transformer terminal is always kept at ground poten- 
tial instead of at a voltage above ground equal to 
that of one capacitor unit, which latter imposes on 
the other terminal a potential to ground of twice this 
voltage. This greatly relieves the stresses to ground 
of the transformer winding and permits a trans- 
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former of lower voltage insulation to be used. The 
gap G», therefore must be inserted below the first 
bank in order to bring that point to ground potential 
upon discharge. Another advantage of this arrange- 
ment is that it always permits tripping the impulse 
generator by surging the middle sphere of the 
3-electrode control gap with a negative impulse from 
the oscillograph cathode circuit regardless of the 
polarity of the main surge. This follows since both 
outside spheres of the 3-electrode gap are always at 
a potential from ground of opposite polarity during 
the charging period instead of one being grounded, 
as is the case when gap G, is omitted and the first 
capacitor bank is connected to ground. 

It is apparent from Fig. 3) that during the dis- 
charge each successive capacitor unit position from 
left to right assumes an increasingly higher impulse 
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Fig. 4. Forms of 3,000-kv impulse generator 
supports 


Top, triangular; below, zigzag and helical 
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voltage above ground, and must be insulated for it. 
In considering the insulating support for this pur- 
pose, it was necessary to remember that the com- 
plete generator had to be portable and capable of 
use outdoors. In order to have it portable, it was 
desirable that it be as compact and mechanically 
stable as possible. To allow outdoor operation, it 
was essential that no insulating material be used in 
the support which would be affected by moisture and 
therefore incur burning and charring internally or 
on the surface during voltage stresses. This last 
requirement precluded the use of wood, paper, 
molded compounds and the like, and made it prac- 
tically necessary to adopt porcelain throughout. 

In view of all of the above requirements, a genera- 
tor support was developed wherein the capacitor 
units were arranged in an ascending helical path, 
supported by a hexagonal framework of pillar in- 
sulators of standard assembly. In this form all of 
the capacitor units could be mounted on their sides 
with their bushing terminals turned inward. This 
horizontal mounting of units resulted in an appreci- 
able saving in height of structure, and reduced the 
lengths of leads between units and thereby the total 
inductance of the set. The use of a helical path 
kept the horizontal cross section of the generator at 
a minimum, thereby reducing the stray capacitance 
to ground and increasing the efficiency of the set 
both in regard to effective testing voltage and freedom 
from oscillations. 

A comparison of the size of the helical mounting 
and the familiar triangular and zigzag mountings 
often used is shown in Fig. 4. Typical dimensions 
of the latter 2 mountings have been chosen for a 


Fig. 5. Complete 3,000-kv impulse generator 
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3,000-kv set and are found to be appreciably greater 
than the helical form developed here. The complete 
3,000-kv helical set on its motor driven car just out- 
side the laboratory door may be seen in Fig. 5. In 
Fig. 6 the set has been moved into the building for 
tests up to 2,000 kv, the 1,000-kv top section now be- 
ing suspended in the background just inside the door. 

The helical arrangement of capacitor units, all 
mounted horizontally with terminals inward, pro- 
vides a ready means for controlling simultaneously 
the spacings of the series spark gaps. To do this, 
one sphere electrode of each gap is fitted to a radial 
porcelain rod which can be moved longitudinally 
through connection to a rotating center stack of 
pillar insulators. A close-up view (Fig. 7) of the 
internal structure of the generator illustrates this 
feature. The rotation of the pillar stack and the 
consequent adjustment of all gap settings, including 
the 3-electrode gap, is controlled electrically from 
the oscillograph room, thereby allowing the entire 
operation of the set over the whole voltage range to 
be handled from that point. The circuits for surging 
the oscillograph cathode and 3-electrode gap, for 
operating the alarm bell, and for synchronizing with 
power frequency voltages are actuated by motor 
driven contactors. By this means successive surges 
on a test occur automatically so that the operator is 
free to observe and photograph all cathode ray 
oscillograph records. 

The radial supporting tubes just described for the 
series spheres, as well as all the charging resistance 
holders, were made of porcelain in line with the plan 
of having no insulating material on the generator 
which could not operate under outdoor conditions. 


Impulse generator with upper section re- 
moved 
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The inherent constants of the 2,000-kv section are: 


Series CapaCltatice paca atne ete tee cea ee Ay tote ae 0.0118 pf 
SEES sItIduGtanCer a atte cones eat Terai Ae re ee he rer pe ceeare 52 wh 
Series resistance (minimum for complete damping)...... 600 ohms 


The calculated value of 600 ohms necessary to 
effect complete damping of the oscillations due to 
the inductance and stray capacitance of the circuit 
produces a wave front of about 1 usec when no other 
capacitance is connected in the test circuit. 

In Fig. 8 are shown typical cathode ray oscillo- 
erams taken with the 2,000- and 3,000-kv sections. 
The usual resistance type of voltage divider was 
used for these, a high voltage cable being connected 
from the lower end of the resistance column to a 
grounding resistor equal to the cable surge impedance 
at the oscillograph. The voltage wave across certain 
taps of the latter resistor was then applied to the 
oscillograph plates for recording. The voltage di- 
vider itself consists of 4,000-ohm units, each made 
with non-inductively wound wire and mounted in 
oil filled light porcelain tubes of oval cross section. 
These resistors may be seen suspended near the 
center of the 2,000-kv set in Fig. 6. The oscillo- 
graph room, which is completely enclosed by metal 
for shielding purposes, may be seen in Fig. 2 at the 
right of the impulse generator. 

The inherently low series inductance of the genera- 
tor circuit affords a ready means for securing com- 
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Fig. 7. Structure of impulse generator 


paratively high impulse surge currents. Although no 
high current studies have been made as yet, pre- 
liminary calculations and tests indicate that 40-yusec 
surges of over 100,000 amp at 150 kv may be ob- 
tained. 


POWER FREQUENCY TESTING FACILITIES 


As noted previously, power frequency tests up to 
approximately 2,000 kv to ground may be made by 
means of a 3-unit set of 700-kv transformers ar- 
ranged for chain connection. Each transformer is 
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of the shell type with the center of the high voltage 
winding connected to the core and tank. Accord- 
ingly, each tank had to be insulated from ground to 
allow full unit voltage to ground to be developed. 
To allow for outdoor operation, this insulating 
mounting was made from special porcelain tile. 
The tile pier supporting the indoor unit, shown at 
the right in Fig. 2, and the tank clearances to ground 
have sufficient insulating properties to permit this 


Fig. 8. Oscillograms of impulse generator voltage 
waves 


(Left) 11/2x40-usec wave of lower section charged to 
9,000 kv 
(Right) 40-usec wave of complete 3,000-kv generator 
without series damping resistance, showing low amplitude 
of oscillations; charge voltage, 2,800 kv 


unit to be excited by one of the outdoor units so 
that a power frequency testing voltage of more 
than 1,000 kv to ground may be secured indoors. 
With this unit operating as the ground transformer 
and exciting the 2 outdoor units, potentials up to 
2,000 kv to ground may be obtained. Obviously, 
the outdoor units must have their tanks insulated 
by the porcelain piers for voltages of the order of’ 
1,050 kv and 1,750 kv to ground, respectively. The 
availability of these 3 identical units affords facili- 
ties for making 3-phase tests up to approximately 
1,200 kv between lines. Generator facilities are 
available for making the above tests at 25 and 50 
cycles as well as at 60 cycles, although the reduced 
frequencies obviously lower the voltage ranges. 
available for tests, due to the saturation limits of 
the connected transformers. 

On the right mezzanine section of Fig. 2 is located 
a special room for corona and radio influence tests. 
It is entirely enclosed with sheet metal to shield 
radio studies from outside influence, and may be 
completely darkened for corona observations on 
insulators. Another room, associated with the 
laboratory but separated from it to avoid contami- 
nation, is available for making special fog, dust, and 
smoke studies on insulators. Facilities are available 
here for observing and recording all insulator dis- 
charges associated with atmospheric contamination. 
conditions. 

For special high-current power-frequency tests on 
busbars, bushing leads, etc., generator facilities are 
present from which sustained currents of over 5,000: 
amp may be secured. 
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HIGH FREQUENCY TESTING FACILITIES 


For special insulation studies, a high frequency 
oscillator is available which is capable of generating 
wave trains of frequencies of from 50,000 to 100,000 
cycles at potentials up to 750 kv. The air core 
transformer is shown mounted on a car at the left 
in Fig. 1 by which it may be moved to the proper 
test area for the necessary voltage clearances. The 
same transformer is used for studies, principally on 
radio insulators, at continuous wave frequencies up 
to 100,000 cycles. The generating source here is a 
Poulsen arc set. 


Output Wave Shape 
of Controlled Rectifiers 


Methods of estimating the harmonics in the 
output voltage wave of controlled voltage 
mercury arc rectifiers are given in this 
paper. Iwo limiting conditions are con- 
sidered: one where the d-c circuit is 
sufficiently inductive to give substantially 
a smooth direct current, and the other 
where the d-c circuit is noninductive. 
Formulas for the harmonics when the 
rectifier is delivering load are presented, 
and curves are given that make it possible 
to calculate readily the lower orders of 
these harmonics which appear in the output 
voltage of 6- and 12-phase rectifiers. 


By 
F. O. STEBBINS C. W. FRICK 
MEMBER A.I.E.E. ASSOCIATE A.I.E.E. 


Both of General Elec. Co., Schenectady, N. Y. 


Maercory ARC RECTIFIERS 
when equipped with grids may be given output 
voltage characteristics very similar to those of a d-c 
generator. Output voltages ranging from zero to 
the voltage the rectifier would develop when not 
equipped with grids may be obtained by shifting the 
phase of the grid excitation in the proper manner. 
Unlike the d-c generator, the harmonics present in 
electrical machinery, and tentatively scheduled for discussion at the A.LE.E, 
winter convention, New York, N. Y., Jan. 22-25, 1935. Manuscript submitted 
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the output voltage wave are inherent in the normal 
operation of the device. The purpose of this 
paper is to discuss the output voltage wave shape of 
mercury arc rectifiers equipped with grids to control 
the output voltage under various operating condi- 
tions, and to give methods for estimating the wave 
shape of this voltage in any given case. 


OPERATION OF CONTROL GRIDS 


The grid excitation of the rectifiers to be studied is 
such that the grids cannot stop, decrease, or modulate 
current flow from the rectifier anode, once this 
current flow has started. When properly excited, 
the grids can retard the point at which current flow 
from the anode starts, thus reducing the portion of 
the positive half cycle of anode voltage that is effec- 
tive in producing output voltage. It will be assumed 
that current flow from the anode will start at the 
instant the excitation for the grid working with that 
particular anode changes from negative to positive, 
providing the excitation of the anode is such as to 
allow current flow from the anode to start at that 
particular instant. 

In Fig. 1 is shown the output voltage wave shape 
of a controlled voltage rectifier at no load, with the 
anode firing period retarded by an amount a. The 
grid excitation for the working anode changes from 
negative to positive at point B, thus allowing anode 
b, the potential of which already is suitable for 
allowing the flow of current, to start firing. The 
output voltage wave shape under load is shown in 
Fig. 2. Commutation between anodes a and 0 
starts at point B and continues until the current 
from anode a becomes zero at point C. 

In analyzing the wave shapes of ordinary 6- and 
12-phase rectifiers it has been found that the assump- 
tion of a steady direct current gives sufficient ac- 
curacy for practical purposes. The usual types of 
load generally have enough inductance to give a 
fairly smooth current. When grid control is used 
and the range of voltage control is not large, for 
instance 10 per cent, reasonably accurate results 
will be obtained if a steady direct current is assumed. 
For a wide range of voltage control the voltage curve 
at the lower limit deviates considerably from the 
average, and therefore the current may not be smooth 
unless the load is highly inductive. Therefore, 2 
limiting conditions are considered in this paper: 
highly inductive loads in which the current wave 
shape closely approximates that of a_ perfectly 
smooth direct current, and noninductive loads in 
which the current is pulsating and has the same wave 
shape .as the load voltage. When necessary the 
voltage wave shape can be estimated for the 2 
limiting conditions and the wave shape for actual 
conditions can be determined by interpolation. 


THEORETICAL WAVE SHAPE OF A 
RECTIFIER SUPPLYING A HIGHLY INDUCTIVE LOAD 


The output voltage of the ordinary rectifier has 
been analyzed by several authors.'? By analyzing 
the voltage wave of Fig. 2 in a similar manner a 


1. For references see list at end of paper. 
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Fourier series is obtained in which the coefficients of 
the sine and cosine terms for the harmonics of the 
order mp’ are, respectively, 


Ea sae [= (mp’ +1) (w+ a) + sin (mp’ + le 


am = 


>: mp’ + 1 
_ sin (mp’ — 1) (u+a) +sin (mp! — de] (1) 
mp’ — 1 
me cos (mp’ + 1) (u + a) + cos (mp’ + la 
bn = cos me | ipa 
cos (mp’ — 1) (u + a) + cos (mp’ — l)a 
Fig. 2. Out- 
put voltage 
wave shape of ANY a 
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voltage recti- +(@3+ep) Lip WIRY 
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je ey UA \ 
a F angle of re- / Hf ~a \ \ 
tar / \ 
u = angle of ay “by °c \ \ 
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The rms value of the harmonic of order mp’ is given 
by the formula 


1 
hm = 75 Ven? + bn? 


The phases of the harmonic voltages referred to the 
maximum point of the applied voltage can be ob- 
tained from eqs 1 and 2. 

In these formulas 


Ea. = output voltage at no load with no retard 
p’ = number of secondary phases 

u = angle of overlap 

a = angle of retard of anode firing period 

Timea 23 aos etC. 


It may be noted that the magnitudes of the har- 
monics depend upon the angle of overlap u, and the 
angle of retard a. The angle of overlap without grid 
control is given by the following formula which 
has been published before :} ?: 4 


a IX 
“4 = ee 
eee ( Eo sin z) (3) 
p 

where 

u = angle of overlap : 

I = load current in each group of transformer secondary windings 

Eo = peak value of voltage to neutral on the secondary side of the 
transformer 

X = reactance of the circuit in which commutation takes place 

p = number of phases in each group of transformer secondary 
windings; = 3 for the 6-phase double-Y and 12-phase 
quadruple-Y connections; 6 for the 6-phase star, 6-phase 
forked, and 12-phase in double-6-phase relation; and 12 
for the 12-phase star connection 
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Equation 3 has been extended to cover the case of 
rectifiers with grid control‘ and becomes 


IX | 
cos 6 a *) —a (4) 
Eo sin > 


where all symbols are as defined previously. 

The output voltage with load and with retard of 
the anode firing period is 
~s Edo 
Bey 
where E, is the output voltage with load, and £,, 
is the output voltage at no load and with no retard; 
E,, can be calculated from the following formula: 


uo = 


Ea (cos a + cos (a + x)) (5) 


Ea = ae sin fa (6) 


By substituting in eq 5 the value of u given by eq 4 
the following expression is obtained for the output 
voltage with load in terms of angle of retard: 


IX 
Edo Gj cos a — =) (7) 


Eq = A 
2 Eo sin D 

Equations 5 and 7 allow for the effects of retard and 

overlapping, but do not allow for are drop or the 

resistance drop resulting from losses in the trans- 

former windings. 

When the circuit constants, the voltage applied 
to the rectifier, the load, and the desired output volt- 
age to be obtained with grid control are known, the 
angle of retard a and the angle of overlap u can be cal- 
culated by eqs 4 and 7. Using these values the 
magnitudes of the harmonics can be estimated by 
eqs 1 and 2. Curves that simplify the calculations 
for several common types of rectifiers have been 
plotted from these equations. In preparing these 
curves the ratio of the controlled output voltage to 
the voltage the rectifier would develop at the same 
load without grid control has been used. The latter 
voltage is obtained by putting a = Oineq 7. This 
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ratio, called the voltage control ratio in this paper, 
is represented by the letter A and is given by the 
formula 


2 sin Lene ees 
i= p Eo 
2 sin ~ ewes 
2 Eo 


If for a given load the output voltage is reduced 10 
per cent by grid control, the voltage control ratio is 
0.90. Percentage values of the 6th harmonic plotted 
against [X/E, (for p = 3) for different values of 
voltage control ratio are given in Fig. 3. Similar 
sets of curves for the 12th, 18th, and 24th harmonics 
are given in Figs. 4, 5, and 6. The use of these 
curves in connection with 6- and 12-phase rectifiers 
will be discussed later in this paper. If the output 
voltage is given as a percentage of the no-load voltage 
with no retard, the voltage control ratio A may be 
found by referring to Fig. 7 provided the conditions 
are those to which the curves of Figs. 3 to 6 apply. 
In order to make the curves of Figs. 3 to 7, inclusive, 
applicable to a wider variety of connections, a scale 
is given on the upper part of each figure showing 
values of IX/E, for p = 6. This scale is to be 
used for the connection to which this value of p 
applies. 

It is not necessary to calculate either the angle of 
overlap u or the angle of retard a in order to estimate 
the harmonics from the curves of Figs. 3 to 6. In 
some instances it may be desired to know the values 
of wand a, and the curves of Fig. 8 have been prepared 
for that purpose. 

The harmonics present on the output side of a 6- 
phase rectifier are the 6th, 12th, 18th, 24th, etc., 
harmonics of the supply system frequency. The 
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percentage values of these harmonics are given by 
the curves of Figs. 3 to 6, inclusive. The use of the 
curves is illustrated by the following numerical 
example: A 6-phase rectifier is carrying a direct 
current of 800 amp and the output voltage is reduced 
10 per cent by grid control. The transformer 
secondary windings are connected double Y, 6 
phase. The commutating reactance of the trans- 
former is 0.16 ohm and the equivalent reactance of 
the supply system for the commutating current is 
0.01 ohm,*® making a total reactance of 0.17 ohm for 
the circuit in which commutation takes place. The 
secondary voltage from anode to neutral is 540 volts 
(rms); then Z) = 765 volts (peak). Since there are 
2 groups, = 400amp. Then 

IX _ 400 X 0.17 

Eo oa Tbe Pe 0.089 

The voltage control ratio A is 0.90. The percentage 
values of harmonics are read from Figs. 3 to 6 corre- 
sponding to 0.089 on the lower scale, since p = 3 for 
this connection, and using the curve A = 0.90. The 
values obtained are 


6th harmonic 12.8 per cent 


12th harmonic 2.8 per cent 
18th harmonic 0.7 per cent 
24th harmonic 2.7 per cent 


In the 12-phase rectifier the 12th, 24th, etc., har- 
monics of the supply system frequency are present. 
The percentage values of these harmonics are the 
same as in the 6-phase rectifier and can be obtained 
from the curves. The 6th, 18th, and other odd 
multiples of the 6th harmonic are theoretically zero, 
but actually they are present in small amounts for 
various reasons such as the presence of harmonics in 
the supply voltage and unequal division of load be- 
tween 2 groups of 6 phases. In tests on several 12- 
phase rectifiers without grid control’ it was found 
that the average reduction in the 6th and 18th har- 
monics obtained by the use of the 12-phase connec- 
tion is approximately 4 to 1 compared with the 
values that would be obtained with a 6-phase con- 
nection. 

When harmonics are present in the supply voltage 
the output voltage wave shape is modified. It has 
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been shown! that in either the 6-phase or the 12-phase 
rectifier without grid control a 5th or a 7th harmonic 
voltage gives rise principally to a 6th harmonic volt- 
age. Similarly, an 11th or a 13th harmonic produces 
principally a 12th harmonic; a 17th or a 19th har- 
monic produces principally an 18th harmonic, etc. 
In all these cases the percentage value of the har- 
monic voltages produced on the d-c side is ap- 
proximately the same as the percentage value of the 
harmonic voltage on the a-c side which produces it. 
In the 6-phase rectifier with grid control the voltage 
curve is repeated at intervals of 1/, of a period of the 
supply voltage, as in rectifiers without grid control, 
and therefore harmonic voltages on the a-c side go 
through to the d-c side in the same manner. Similar 
considerations apply to the 12-phase rectifier with 
grid control. If the magnitudes and phases are 
known, the harmonic voltages resulting from har- 
monics on the a-c side can be combined with the 
harmonic voltages on the d-c side that arise in the 
normal operation of grid controlled rectifiers. If 
only the magnitudes are known the maximum and 
minimum values that may be expected can be esti- 
mated. 


WAVE SHAPE OF THEORETICAL NO-LOAD VOLTAGE 
WITH A WIDE RANGE OF VOLTAGE CONTROL 


Referring to Fig. 1, which shows the output voltage 
wave of a grid controlled rectifier at no load, it may 
be noted that the voltage of phase a is cut off at 
point B; and if the angle of retard a is increased, 
point B is moved to the right along the curve e,. 
If angle a is large enough point B will be on the nega- 
tive side of the zero line and the voltage curve will 
have negative loops. Such a condition would be 
approached at light load when the output circuit is 
highly inductive. Negative loops then would be 
obtained in the output voltage of a 6-phase rectifier 
when the angle of retard is more than 60 deg and 
in a 12-phase rectifier when the angle of retard is 
more than 75 deg. The average voltage is zero for 
both rectifiers when the angle of retard is 90 deg. 

A somewhat different condition would be ap- 
proached at light load when the d-c circuit is non- 
inductive. For large values of a the voltage of 
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current would be cut off at that point. 
would remain zero until the grid control permits the 
next phase to fire. Thus in the 6-phase rectifier 
when the angle of retard is more than 60 deg, the 
voltage curve would have positive loops with dead 
spots between them, and an angle of retard of 120 
deg would be necessary to reduce the output volt- 
age to zero, as shown in the section entitled ‘“Theo- 
retical Wave Shape With Noninductive Load and 
Wide Range of Voltage Control.” 

These considerations show that for a narrow range 
of voltage control, when the output voltage curve 
does not reach the zero line, the theoretical no-load 
voltage is independent of the characteristics of the 
output circuit. For a wide range of voltage control, 
when the curve reaches or crosses the zero line the 
no-load voltage curve which would be approached 
depends upon the characteristics of the output cir- 
cuit. 

The values of the harmonics in the no-load volt- 
age wave with negative loops are obtained by sub- 
stituting uw = 0 in eqs 1 and 2. When the negative 
loops are cut off a separate analysis is required and 
eqs 14 and 15 for the harmonics are given later in 
the section entitled ‘“‘Theoretical Wave Shape With 
Noninductive Load and Wide Range of Voltage 
Control.” 


THEORETICAL WAVE SHAPE 
Wi1TH A NONINDUCTIVE LOAD 


If the load on a rectifier is equivalent to a resist- 
ance, the current in the d-c side is pulsating. The 
voltage wave shape at a given load and output volt- 
age is not the same as it would be with inductance 
in the d-c circuit if other conditions remain un- 
changed, because the angle of overlap wu and angle of 
retard a are different. For a given pair of values of 
u and a the voltage wave shape is the same as in 
Fig. 2, if the effect of the pulsating current upon the 
inductance of the transformer and supply circuit is 
neglected, and if the curve does not cross the zero 
line. When the values of wu and a are known the 
values of the harmonic can be obtained by eqs 1 
and 2. 

Formulas for the angle of overlap and the output 
voltage E, for a given angle of retard a have been 
obtained by some authors,® but they are quite com- 
plicated. Formulas and curves obtained by a 
simplified analysis are given here. Results obtained 
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Fig.9. Angle of overlap, u, and angle of 
retard, «, as functions of X/R for 6-phase 
rectifiers, for different values of voltage 
control ratio A and noninductive load 


Fig. 8. Angle of overlap, u, and angle of 
retard, a, as functions of IX/Eo, for differ- 
ent values of voltage control ratio A 


for the 6-phase star-connected rectifier with the 
approximate formulas have been compared with 
results by the more elaborate formulas and have 
been found to be satisfactory for practical purposes 
when the commutating reactance is less than 1/4 of 
the load resistance and the voltage reduction ob- 
tained with grid control is not more than 50 per cent. 
When interphase transformers are used the formulas 
must be modified and separate sections of this paper 
are given for rectifiers with 1, 2, and 4 groups of 
secondary phases. 

Rectifier With One Group of Secondary Phases. 
It is assumed that when there is no overlapping 
between the currents in adjacent anodes, the current 
on the d-c side has the same shape as the voltage and 
is given by the formula 


; Eo 
= > cos0 

ioe R 

where 

Ey) = peak value of voltage to neutral on the secondary side of the 

transformer Fn 
R_ = load resistance (output voltage divided by load current) 
@ = angular distance measured from point of maximum voltage 


At the time when commutation begins the current is 


7) = Fi cos (= + «) (8) 
where 


TI, = current on d-c side at beginning of commutating period 
a = angle of retard of the anode firing period 
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Fig. 10. Angle of overlap, 
u, and angle of retard, a, 
as functions of X/R for 12- 
phase rectifiers, for different 
values of voltage control 
ratio A and noninductive load 


If it be assumed that the current does not change 
during the commutating period, J; may be substi- 
tuted for J in eq 4 which gives the following relation 
xX cos ( 


Tv 
= +a) 
cos a — = p 


sin = 
p 


u = | cos ? =a 


(9) 


where 


u 
xX 


angle of overlap 
reactance of the circuit in which commutation takes place 


The voltage under load is obtained by substituting eq 


Yineq5. This gives the formula 
cos (= +a 
E, = = Mis AG ee) (10) 


sin = 
p 


The curves in Figs. 9 and 10 show values of u and a 
plotted against X/R for different values of voltage 
control ratio defined in the section entitled ‘“‘Theo- 
retical Wave Shape of a Rectifier Supplying a Highly 
Inductive Load.” Figure 9 applies to the 6-phase 
rectifier and the curves were obtained by substituting 
p = 6ineq 10. Figure 10 applies to the 12-phase 
rectifier and the curves were obtained by substituting 
p= 12. 

Referring to eq 8 it may be noted that J, is zero 
when a = 1/2 — r/p. For larger values of a there 
cannot be overlapping and eqs 9 and 10 do not apply. 
This case will be discussed in the section entitled, 
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Fig. 11. Percentage values 
of the 6th, 12th, 18th, and 
24th harmonics in a 6-phase 
rectifier, plotted against the 
ratio of output voltage to no- 
load voltage with no retard 
and with noninductive load 


PER CENT OF VOLTAGE AT NO LOAD WITH NO RETARD 


Oo 0140 020 0.30 040 0.50 
OUTPUT VOLTAGE 
NO LOAD VOLTAGE WITH NO RETARD 


“Theoretical Wave Shape With Noninductive Load 
and Wide Range of Voltage Control.” 

Rectifier With 2 Groups of Secondary Phases. 
The interphase transformer divides the load current 
equally between the 2 groups so that either group 
carries a current that at any instant is the average 
of the currents for the 2 groups when each carries a 
separate load of half the totalload. In the following 
discussion p represents the number of phases in each 
group and the angular displacement between the 2 
groups is z/p. If the 2 groups are operated as 
separate rectifier units and the load in each is 
equivalent to a resistance 2R, the current in group 
1 at the beginning of commutation is 


f' = F cos ($ ++ a) 
At the same time the current in group 2 is 


Eo 
I,! —~ COS @ 


~ 2R 
When the 2 groups are connected through an inter- 
phase transformer and carry a load equivalent to R, 


the current in either group at the beginning of com- 
mutation is 


i= 5 (hi + Io/) = 5 cos — cos ‘& — 9) (11) 


2p 


Substituting J; for J in eq 4 the following formula 
for the angle of overlap u is obtained: 


Xx cos ‘eG + a) 
=H ae, an 
cos COS @ aR a 


“= (12) 


sin = 

For the 6-phase double-Y rectifier 6 = 3 and the 
curves on Fig. 9 may be used if XY /4R is substituted 
for X/R. Similarly the curves on Fig. 10 may be 
used for the 12-phase rectifier in double 6-phase rela- 
tion by making the same substitution. 

Rectifier With 4 Groups of Secondary Phases. 
In this case the groups of p phases each are displaced 
by an angular distance of 7/2P. If the groups are 
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operated on separate rectifiers and the load on each 
group is equivalent to 4K, the current in group 1 
at the beginning of commutation is 


1 — Eo 7 ) 
Ty = Fi 00s (F +0 


At the same time the currents in the other groups are 


When the 4 groups are connected by interphase 
transformers and carry a load equivalent to R, 
the current in each group at the beginning of com- 
mutation is 


h=ZGth+h+)) 
Eo T T 7a 
£8, c0s cos F cos (+ «) 


The formula for u obtained by substituting eq 13 in 


eq 4 is 
x =o +) ne 


=I <= 
cos (« a 16R =< 7 


For the 12-phase quadruple-Y connection, p = 3 
and the curves on Fig. 10 may be used by substituting 
OHMS BOS AG 


(13) 


uu = 


(14) 


METHOD oF ESTIMATING HARMONIC VOLTAGES 
WitH NONINDUCTIVE LOAD 


In order to estimate the harmonic voltages with 
noninductive load the values of angle of overlap u 
and angle of retard a may be obtained from the 
equations or the curves and substituted in eqs 1 and 
2. Sets of curves similar to Figs. 3 to 6 might be 
plotted from which the percentage values of the 
harmonic could be obtained directly from the values 
of X/R and the voltage control ratio, but the for- 
mulas in the preceding section show that separate 
sets of curves would be required for 6-phase rectifiers 
and 12-phase rectifiers. 

However, the curves on Figs. 3 to 6 may be used 
for the case of noninductive load in the following 
manner: Find the values of u and a from Fig. 9 
or 10, or by the ‘formulas. Then refer to Fig..8 
and find by trial the pair of values of JX /E,) and 
voltage control ratio that give the same values of u 
and a. Then read the percentage values of the 
harmonics from Figs. 3 to 6 corresponding to these 
values of [X //, and voltage control ratio. This will 
be understood better by considering a numerical 
example. A rectifier connected double-Y 6-phase is 
loaded on a noninductive resistance of 0.6 ohm. The 
commutating reactance is 0.17 ohm. The voltage is 
reduced 10 per cent by grid control. It is desired to 
estimate the harmonic voltage on the load side for 
this condition. Since there are 2 groups of secondary 
phases the ratio X/4R is calculated and found to be 
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0.071. Then from the curves for A = 0.90 on Fig. 9 
the values a = 28 deg and uw = 8.5 deg are obtained. 
Referring next to Fig. 8, it may be noted that A is 
approximately 0.89 for a = 28 deg. Using this as a 
first approximation it is found that [X/F, on the 
lower scale is 0.065 for u = 8.5 deg. Checking 
again, it may be seen that a = 28 deg corresponds 
to A = 0.89 at IX/E, = 0.065. Referring to the 
curves on Figs. 3 to 6 and reading the harmonics for 
A = 0.89 and [X/E,) = 0.065 on the lower scale, 
the percentage values are approximately as follows: 


6th harmonic 14 per cent 
12th harmonic 5 _ percent 
18th harmonic 1.3 per cent 
24th harmonic 1.4 per cent 


THEORETICAL WAVE SHAPE WITH NONINDUCTIVE 
LOAD AND WIDE RANGE OF VOLTAGE CONTROL 


It has been pointed out in the subsection entitled 
“Rectifier With One Group of Secondary Phases” 
that when the angle of retard is equal to 1/2 — 
n/p, the load current is zero at the end of the con- 
ducting period for each phase and there cannot be 
overlapping. If p is replaced by p’, which repre- 
sents the total number of secondary phases, this 
relation holds for rectifiers either with or without 
interphase transformers. In a 6-phase rectifier the 
current is zero when the angle of retard is 60 deg, and 
in a 12-phase rectifier when the angle of retard is 75 
deg. 

When the angle of retard is greater than 7/2 — 
x/p’ (greater than 60 deg for a 6-phase rectifier 
or 75 deg for a 12-phase rectifier) the voltage curve is 
cut off at the zero line and is similar to Fig. 12. The 
voltage curve for this condition has been analyzed 
to obtain a Fourier series and the coefficients of the 
mth sine and cosine terms are, respectively, 


tn = — Besoces ae [sin ee = mp" cosmp'acos( a _ =) 
(m2p’2 — 1) sin a p 

p 

+ sin mp’a sin (« _ a) cos mr | (15) 

bn = — og SE ES: [os mE + mp’ sinmp'acos( a _ =) 
(m2p’2 — 1) sin ae 
p 

— cos mp’a sin (« — 2) cos mr | (16) 


The rms values of the harmonics are obtained by 
substituting the values of a,, and 0,, in the formula 


ln = AAD 2 
V/ 2 am ap le 


The output voltage is given by the formula 


Ba = —#_ [1 -sin(a- 5) | 


2 sin x 

where p’ is the number of secondary phases, and the 
other symbols are as defined under eqs 1, 2, and 5. 
The phases of the harmonic voltages referred to the 
maximum point of the applied voltage can be obtained 
from eqs 15 and 16. It may be noted that when a 
= 7/2 + x/p’ (120 deg for a 6-phase rectifier and 
105 deg for a 12-phase rectifier) the output voltage 
is zero. 


(17) 
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Fig. 12. Output voltage 
wave shape of controlled 
voltage rectifier with angle of 
retard greater than 7/2 — 
1/p 
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Figure 11 shows the percentage values of the 6th, 
12th, 18th, and 24th harmonics in the 6-phase recti- 
fier with noninductive load plotted against ratio of 
output voltage to theoretical no-load voltage with no 
retard. 

The equations and curves given here apply to 
rectifiers with 1 group of secondary phases and 
also to the theoretical case of 2 or more groups of 
secondary phases with the load current equally 
divided between the groups at all times. This 
ideal condition cannot be realized with actual inter- 
phase transformers when the load current is less 
than their magnetizing current. Since the load 
current is zero at the end of the conducting period 
when the angle of retard exceeds 1/2 — x/p}, it 
appears that the curve of Fig. 12 may have to be 
modified when interphase transformers are used. 
The output voltage of a 6-phase rectifier with an 
interphase transformer is discussed in a recent paper’ 
and curves are constructed on the hasis of certain 
assumptions. One curve is obtained for values of 
angle of retard between 60 and 90 deg and another 
for values of angle of retard greater than 90 deg. 
The latter curve is similar to that of Fig. 12 and 
the former could be analyzed into component 
curves, each of which would be similar to that of 
Fig. 12. In either case the magnitudes of the har- 
monics could be obtained with the aid of eqs 15 and 
16 by finding appropriate values of a. In the case 
mentioned last it would be necessary to calculate 
the phases of the harmonics in the component 
curves in order to obtain the resultant harmonics. 

It may be assumed as a first approximation that 
eqs 15, 16, and 17 apply to all loads. This neglects 
the interval of time required for building up the 
current from zero to the maximum value when each 
phase begins to carry current. However, the values 
of the harmonics obtained by neglecting this time 
interval are greater than those actually in existence 
because this time interval is produced by the smooth- 
ing effect of transformer inductance upon the load 
current and voltage. 
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A 100-Kw Vacuum Tube 


The construction of a new vacuum tube 
having a rating of 100 kw is described 
herewith.* This tube has been made 
possible by the development of water 
cooling and a satisfactory copper-glass 
seal. 


Over 500 vacuum tubes in parallel 
were used for the first transatlantic radio telephone 
conversation in 1915. Since then vacuum tubes 
have undergone almost continuous development. 
The application of water cooling has permitted much 
larger capacities, and the present long wave trans- 
atlantic channel employs but 30 tubes, each of 15-kw 
rating. Further improvements in design and manu- 
facturing technique have made possible still higher 
ratings. A tube is now available—the 2654—which 
has an anode dissipation of 100 kw. Six of such 
tubes will provide a greater output than the 30 em- 
ployed for the present transatlantic service. 

This radical increase in capacity, which has made 
it possible to obtain outputs of as many kilowatts 
as have formerly been obtained in watts, has been 
made possible by 2 developments. The limitation 
to capacity is largely a matter of dissipating the heat 
generated in the tube. By employing water for 
cooling the anode surfaces, however, the amount 
of heat that can be carried away has been greatly 
increased. This method of cooling has in turn been 
made possible to a large extent by the development 
of a satisfactory copper-glass seal. Neither water 
cooling nor the copper-glass seal were used for the 
first time with the new tube, but the technique of 
employing both of them has been recently improved. 


COPPER-GLASS SEAL 


A simplified cross section of the new tube, Fig. 1, 
shows the construction. The copper tube forming 
the anode is slightly flared at each end, and then 
these flared ends are carefully machined to a thin 
knife edge. Next, the anode is supported on an 
expanding mandrel of a lathe-like machine whose 
end chucks rotate coaxially and in synchronism. 
An open ended glass bulb is then mounted in one of 
the end chucks, and flames for heating the entire 
mass, and other flames to provide a high concentra- 
tion of heat, are lighted and the machine is started. 

The clean copper surface adjacent to the glass is 
first allowed to oxidize until the correct surface condi- 
tion is obtained. This oxide layer must have 
sufficient elasticity to take up the strains caused by 
slight differences in the coefficients of expansion of 
copper and glass. Next, the glass is softened and 


* Essentially full text of an article ‘‘A New 100-kw Vacuum Tube,” by H. E. 
Mendenhall (A’26), Bell Telephone Laboratories, Inc., New York, N. Y., and 
published in Bell Laboratories Record, v. 12, Dec. 1933, p. 98-102. Not published 
in pamphlet form. 


1266 


spread over the copper surface by an ingenious roller 
tool supported on the center axis of the machine. 
This same tool also carries a nozzle through which is 
forced a stream of nitrogen to blow the glass bulb 
into the final shape desired. Following this, the 
process is repeated for the bulb at the other end of 
the anode. After the seals have been made, the 
ends of the bulbs are temporarily closed with an 
ionization manometer sealed to one of the bulbs, 
and the completed anode assembly is evacuated and 
baked. Manometer readings are then taken periodi- 
cally over an extended interval to make sure there 
are no small leaks in the copper or the seal before the 
filament and grid structures are sealed in. 


WATER COOLING 


The cooling water passes at high velocity in the 
narrow space between the copper anode and an outer 
copper sleeve which is brazed to it before the copper- 
glass seal is made. Two 
water ports at each end of 
a > the outer sleeve give en- 
% & trance and exit to the water, 
and also serve as points 
of support for the tube. 
This outer sleeve when 
brazed to the anode is in 2 
parts. These 2 parts slightly 
overlap near the middle and 
are left open until the final 
degassing of the finished 
tube has been completed. 
Were it not for this provi- 
sion, the high temperatures 
attained by the tube during 
the degassing process would 
cause a differential expan- 
sion of the copper anode and 
the outer copper sleeve, 
which being in 
direct contact 
with the air is 
much cooler, and 
would cause 
harmful strains 
in the copper 
structure. 


FILAMENT 
TERMINALS 


BEARING 


WATER-COOLED 
ANODE ASSEMBLY 


BRAZED EXPANSION JOINT 


- FILAMENT 
AND GRID 
STRUCTURES 


The design of 
the filament 
structure is 
unique in em- 

LEGEND ploying no insu- 
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Fig. 1. Simplified cross section of the 
100-kw type 265A tube. The tube, 
completely assembled, is over 4 ft long 


GRID TERMINAL 
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simple arrangement for maintaining the filaments 
under tension. The apexes of the 3 filament V’s 
hang downward and are passed over tungsten 
hooks within a molybdenum cap which fits loosely 
over a shoulder on a heavy central support rod. 
This rod passes through 2 bearings—7 in. apart 
—at its upper end, and is free to slide in them 
so that its weight maintains a tension on the fila- 
ments. Additional tension is obtained by a large 
coiled tungsten spring at the upper end which, fas- 
tened to the frame, exerts a downward pressure on the 
rod. The molybdenum supports of the upper ends of 
the filament V’s are cross-connected and welded to 
the 2 copper leads which in turn are silver soldered 
into copper rods hollowed out to thin-walled tubing 
extending to the glass seal. This construction allows 
a further drop in temperature of the materials be- 
tween the filaments and the copper-to-glass seals. 
The main support of the filament structure is ob- 
tained from a large copper-to-glass seal enclosing the 
upper filament rod bearing. This end of the filament 
assembly is enclosed with nickel sheet to provide a 
protective electrostatic shield to prevent destruc- 
tive discharges at the high operating anode potential 
of 18,000 volts. Other vital points such as the anode 
seals are also protected by electrostatic shields. 


Fig. 2. Grid 
structure (left) and 
filament structure 
(right) of the - 
265A tube 


The 3 filament V’s are connected in parallel and 
have an active length of more than4 ft. About 4,000 
watts are required for heating, which maintain the 
filaments at a temperature above 2,500 deg K. and 
give an electron emission of over 30 amp. 

The grid structure, which is supported from the 
opposite end of the tube, is shown with the filament 
structure in Fig. 2. The grid must be kept below a 
temperature of 1,100 deg K to prevent the emission of 
primary electrons when it is negative with respect to 
the other electrodes. This is accomplished by using 
relatively more and larger grid verticals and fewer 
laterals than are normally used, and in employing a 
large copper support structure which is cooled by 
the natural upward draft around the tube. Heat 
readily flows down the large cross section of the 
grid verticals to the copper support, which has a 
bright heat shield to reflect from it the heat from the 
filament that would otherwise be absorbed. 


REMOVAL OF GASES 


The completely assembled tube, which is over 4 ft 
long, requires a long exhaust process, involving con- 
stant attendance for about 24 hr. Special split ovens 
are placed around the glass parts of the tube, and the 
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metal parts are heated by external torching, fila- 
ment glowing, and grid bombardment. During 
the pumping process the entire structure is main- 
tained at very high temperatures, much higher than 
exist during ordinary operation, so as to free the high- 
melting-point metals from occluded gases. The 
temperature of the anode becomes so great that high 
velocity air streams for cooling are required to keep 
it from collapsing. The nickel shields within the 
tube are degassed by induction heating. It is these 
high temperatures that necessitate a break in the 
outer copper sheath to prevent large differential ex- 
pansion. At the end of the degassing processes the 
2 parts of this outer sleeve are brazed together since 
it and the anode will hereafter be at approximately 
the same temperature due to the cooling water. 

In Fig. 3 is shown a group of completed tubes in- 
stalled in an experimental transmitter at the Whip- 
pany laboratory which has been the proving ground 
for these tubes. For shipment, the tubes are packed 
in sturdy crates with spring suspensions so that the 
tube practically floats in the compartment. The 


flexible copper braids for the filament leads, which 
carry approximately 200 amp when the filaments are 
lighted, are anchored back to a band support collar 
when not in use. 


Fig. 3. A group of 265A tubes installed in an 
experimental transmitter at Whippany 
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Machine Characteristics 


for Steady Welding 


The machine characteristics needed for 
steady welding have been analyzed with 
the aid of a series of tests of the welding 
process. In addition to describing the 
method of test, oscillograms and photo- 
graphs of specially secured metal test 
strips are presented, and a discussion of 
the possible theory to explain the results 
is given in this paper. 


By 
F. CREEDY 


MEMBER A.I.E.E. 


R. KOGGE 


NCNMEMBER 


A. O. DANELLO 


NONMEMBER 


All of 
Lehigh University, 
Bethlehem, Pa. 


A, ATTEMPT to ascertain by a 
direct study of practical welding operations what the 
characteristics of a generator really ought to be in 
order to give the steadiest welding is presented in 
this paper. It is the consensus of opinion of op- 
erators that modern welding generators with con- 
trolled transients operate more steadily than the 
older type. While many suggestions have been made 
as to why this should be, none of these has been 
pushed to the point of demonstration. 


METHOD oF TESTS 


The method adopted in the following tests (used 
previously by Prof. G. E. Doan) has been to lay a 
bead of metal from a fixed electrode on to a moving 
strip, the motion of this strip being synchronized 
with an oscillograph so that the relation between 
metal deposited, current and volts is made apparent. 
In order to do this (see Fig. 1) a rest is provided 
opposite a revolving drum A. This rest, which is 
of insulating material, is for the welding electrode. 
The electrode is held in the rest by a skilled welding 
operator who advances or retires it from the work 
by hand so as to obtain the best possible are. It 
was found that more sensitive regulation of the arc 
could be obtained from a hand operator than from 
any automatic device available to us. To the drum 
is attached a strip of metal screwed to its circumfer- 
ence, which can be replaced as often as necessary. 


Full text of a paper recommended for publication by the A.I.E.E. committee 
on electric welding. Manuscript submitted Nov. 16, 1933; released for publica- 
tion Feb. 28, 1934. Not published in pamphlet form. 
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The drum is driven by a small motor through slow 
motion gear consisting of belts and pulleys E and 
on the same shaft is a spur wheel 6 having 120 
teeth. A small finger D makes contact with these 
teeth as the wheel turns, thus completing a circuit 
and giving a make and break arrangement. In ad- 
dition a slip ring C serves to carry the current to the 
work, which revolves with the drum. 

At one point the space between 2 teeth is filled in 
with solder so that at this point contact lasts 3 times 
as long as elsewhere. If the record corresponding 
to this point, called the initial point, is included in 
an oscillogram and we count the number of makes 
and breaks on it from the initial point to the point 
we desire to study, which is of course equal to the 
number of teeth starting from the initial point, we 
can locate the exact point on the strip which cor- 
responds to any given point on the oscillogram. This 
is the way in which the synchronization is effected. 
The circuit through the spur wheel is excited with 
alternating rather than direct current so that the 
same oscillograph vibrator may serve at once to give 
the make and break and a timing wave. The effect 
of this is shown in most of the oscillograms of this 
paper, where we see at one point a series of alter- 
nations much wider than at others. This is the 
initial point, of course, and it is followed by a break 
and this by other series of alternations which cor- 
respond to other teeth. The whole apparatus is 
very simple, and easily arranged and mounted for 
either direct or overhead welding, and enables us to 
reach a number of interesting conclusions. 


PROCEDURE OF TESTING 


The procedure in making a test is as follows: 
After all the apparatus has been adjusted, put the 
drum into starting position, that is with the bead 
starting at the top of the test strip. The operator 
then strikes his arc and gets it into a steady condition 
with the drum stationary. He then sets the drum 
in motion by pressing a foot switch at the same time 


Fig. 1. 


Device used in tests 
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giving a signal to the oscillograph operator who 
records the film as the bead is laid along the test 
strip. At the end of the run the operator states his 
opinion of the type of welding, that is ‘“‘steady,’’ 
“unsteady,” etc. 

When the experiment has been completed, the test 
strip has to be photographed and enlarged to such a 
size that the distance between the ends of the parts 
to be studied is equal to the length of the film. 
Finally the film and the photograph of the strip 
must be printed side by side as shown in the figures. 
A large number of records were made in this manner, 
some of which show extremely interesting results. 

Records which were reported as corresponding to 
steady welding are shown in Figs. 2 to 7. These 
records were taken with a number of different types 
of coated wire. These were merely the kinds that 
happened to be at hand and no inference must be 
made from these records as to the relative advantages 
of these types of coating. 


THE Lonc Arc 


Of these records possibly No. 3 is the most strik- 
ing. Notwithstanding the deposition of a fairly 
heavy bead there was no short circuit of the are op- 
posite the greater part of the bead; in fact only 3 
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135 amp. 32 volts. 
Fleetweld electrode 


Fig. 2. Steady welding. 
Electrode positive. 


points of momentary short circuit can be seen in 
the film each of which seems to correspond to a 
rather larger drop than elsewhere. This seems to 
show conclusively that metal can be deposited in 
considerable quantities without short-circuiting the 
arc and therefore proves that every drop which passes 


140 amp. 29 volts. 
A.W.P. electrode 


Fig. 3. Steady welding. 
Electrode positive. 
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Fig. 4. Steady welding. 150 amp. 20 volts. 
Electrode negative. Murex electrode. Series 
connection coils. Short arc 


does not necessarily short-circuit it. This is the type 
of operation which is found when a rather long arc 
is used. 

This confirms the result reported by E. C. Easton 
and F. B. Lucas in the discussion (see TRANS. 
A.I.E.E., v. 51, 1932, p. 564) of “Forces of Electric 
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Fig. 5. Steady welding. 
Short arc. 


135 amp. 32 volts. 
Electrode negative. Fleetweld elec- 
trode 


Origin in the Iron Arc,” of which one of the present 
authors was a co-author. It was there shown by 
synchronizing the oscillograph with a movie camera 
that no disturbance whatever could be noticed in the 
current and voltage recorded on the oscillogram when 
a drop was observed to pass across the are as photo- 
graphed by the movie camera. The writers still ad- 
here to the explanation given in that paper of the 
passage of the drop, namely, that as stated in the 
reply to the discussion: ‘‘According to our view 
the function of the pinch effect is solely to separate the 
globule from the electrode and if there were no other 
forces in existence when the globule had been so 
separated it would fall to the ground under the action 
of gravitation. Our view is that the pinch effect 
separates the globule which is then taken across by 
the forces measured in the first part of the paper, 
and these forces, which have nothing whatever to do 
with the pinch effect and which are measured but 
not explained in the paper, are those which are 
responsible for carrying the globule over.” [Au- 
thors’ Note: Since this was written these forces 
have been tentatively explained as due to a fine 
spray of particles projected by each electrode. | 
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UNSTEADY WELDING 


The oscillogram reproduced in Fig. 9 is reported 
as corresponding to unsteady welding. It will be 
seen that in this case the short circuits are far from 
being regularly periodic and the mean current also 
is not constant. This record shows in addition that 
every drop did not short-circuit the are while not- 
withstanding this the deposit consists of a regular 
series of drops. 


OVERHEAD WELDING 


The oscillograms reproduced in Figs. 9 and 10 
show overhead welding. Although there is a de- 
posit which is slighter than with welding in the 
normal position, there are nevertheless no short 
circuits shown in Fig. 9 and only a few in Fig. 10, 


Fig. 6. Steady welding. 
Electrode negative. 


125 amp. 32 volts. 
G. E. electrode 


140 amp. 28 volts. 
G. E. rod 


Fig. 7. Steady welding. 
Electrode positive. 


which show again that some other mechanism than 
short-circuiting the are serves to transfer the metal. 
These 3 oscillograms show another striking phe- 
nomenon to which we shall return later. 


THE SHORT ARC 


The oscillograms reproduced in Figs. 2, 4, 5, 6, 
and 7 are also reported as corresponding to steady 
welding. These show the conditions corresponding 
to a short are. Although there are a large number 
of short circuits, these are regularly periodic or tend 
to be so. It should be noted that the generator 


1270 


which was used in these tests was of a modern type 
with controlled transients and was capable of hold- 
ing the average current between short circuits nearly 
constant, notwithstanding variations of arc con- 
ditions. 


CONCLUSIONS FROM THE FIRST SERIES OF TESTS 


Thus the conclusions we obtain from the ex- 
amination of these oscillograms are that steady weld- 
ing may take place either with no short circuits in 
case of a long are or with regularly periodic short 
circuits in the case of a short arc. If the short 


160 amp. 32 volts. 
Fleetweld electrode 


Fig. 8. Unsteady welding. 
Electrode negative. 


circuits are to be regularly periodic, this means that 
the rate of evolution of heat must be steady so that 
the tip of the rod is heated to melting point and passes 
across in the form of a drop at regular intervals. 
It has been shown that within the welding range 
(see ‘‘Performace and Design of Electric Welders 
with Controlled Transients,” by F. Creedy, TRANS. 
A.1.E.E., v. 52, 1938, p. 268-78) the voltage across 
the arc is entirely independent of the current and 
only increases slightly with increase in are length. 
Hence for a given arc length the rate of evolution 
of heat is directly proportional to the current. Thus 
a steady rate of evolution of heat means a steady 
mean current. The old argument between “‘con- 
stant watts’ and “‘constant current” is seen to be 
meaningless since on account of the constancy of the 
arc voltage constant current results in constant 
watts. 

As a result of the above observations we are now 
able to state why the modern machine with con- 
trolled transients is superior to the older type. It 
is well known that the best welding is done with a 
short arc which keeps the mass of metal hot and does 
not fly around in a way the long arc sometimes does. 
It is also agreed by operators that with the con- 
trolled transient machine it is possible to hold a 
shorter arc than with the old type. 

According to the view here put forward, the shorter 
limit for arc length is reached when the arc short- 
circuits so frequently that it is unable to maintain 
its temperature and so sticks. Of course during 
the short circuit there is no arc and therefore the 
amount of heat being evolved is much reduced. As 
the short circuits become fewer the arc is in existence 
for a longer period of time and therefore more heat 
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is evolved. There must therefore be some arc 
length for which the number of short circuits per 
second is sufficient to transfer an ample amount of 
metal and yet few enough to maintain a high 
temperature. This is the minimum useful are 
length. Beyond this limit the amount of metal 
transferred is reduced with probably very little fur- 
ther increase in temperature and in fact as the elec- 
trode is removed from the proximity of the work it 


“f* 
J ; 
: : fri ad 


A tH fy, . 49 
1 a aampeaeaoonycacit Magmapraiyd el Sepia" 


i r : 
5 z f Ks N, 
be ee Op penn pho gyal? Meron er anes § 


Mn ain ss Hm, 
MEER WIS, Re 
4 Sw na OM, 
; Za ee Mf 


nf 


Fig. 9. Steady overhead welding. 
35 volts. Electrode negative. 
trode 


140 amp. 
Cresta murex elec- 
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150 amp. 
Cresta murex 


Fig. 10. Steady overhead welding. 
32 volts. Electrode negative. 
electrode 


may actually cool. When holding a short arc there- 
fore it will be clear how important a machine with 
rapid ‘“‘pick-up” is. If it takes a considerable time 
for the are to recover after every short circuit it is 
clear that if the short circuits per second are numer- 
ous the arc will cool and the electrode stick. Hence 
a machine with slow pick-up compels us to hold 
rather a long arc with comparatively few short 
circuits per second. 

If, on the contrary, recovery is nearly instantane- 
ous as in the machine used (which was the neutra- 
lized welder described in a previous paper) a much 
greater frequency of short circuit can be permitted 
before the heat evolved is reduced too much. It is 
perhaps as well to state emphatically here our belief 
that the metal is transferred in the form of a rapid 
succession of drops of about the same diameter as 
the electrode. 

It was seen above that uniform evolution of heat 
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was necessary to steady welding and this depends 
upon the mean current remaining constant. The 
older type of machine having large slow-period 
transients could not maintain a steady mean cur- 
rent but the modern type is far more capable of doing 
so. If wecontrast, forinstance, such an oscillogram 
as that reproduced from an old machine in the lower 
part of Fig. 7, p. 660 of the A.I.E.E. TRANSACTIONS 
for June 1931 (‘An Improved Arc Welding Gen- 
erator,” by J. H. Blankenbuehler) with those taken 
by modern machines (for instance, the oscillogram 
immediately above that just referred to) it can 
easily be seen that the older type of machine showed 
marked variations in mean current as well as ir- 
regularities in the number of short circuits per 
second. 

The main object of the present paper is to form a 
rational theory such as that outlined in the para- 
graphs above of why the modern machines with con- 
trolled transients are superior to the older type. 

To summarize, in our cpinion the improvement is 
due: 


1. To reduced (though not eliminated) current kicks during short 
circuit. 


2. To rapid “pick-up” after short circuit thus maintaining the 
heat of the arc. 


3. To constant mean current due to the absence of slow period 
current transients. 


A nuniber of further conclusions of interest arise 
from the same study. Although as shown in a paper 


Fig. 11. Diagram for possible 

explanation of current dips 

A. Arc. D. Drop 
A 
D 
A 


3 _. 


Fig. 12. Welding with ballast resistance. 140 
amp. 22 volts. Bare wire negative. Good in 
places 


by one of the writers ‘Performance and Design of 
Electric Welders With Controlled Transients’’ (pre- 
viously referred to) the machine used gave a rise 
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of current of only about 30 per cent during momen- 
tary short circuit, nevertheless, in actual welding 
the percentage rise of current seems in some cases 
to be higher than this. This would seem to indicate 
that there was still something about the welding 
circuit not fully explained, probably connected with 
the actual characteristics of the arc. The rise of 
current during short circuit is, however, much less 
than in older types of machine. 


GREATER COPIOUSNESS OF 
Deposit WITH COATED RODS 


Another interesting point brought out by the ex- 
periments is the much greater copiousness of the 
deposit with coated rods. Several explanations may 
be suggested for this: 


1. The reduction of surface tension in the molten drop permits it 
to separate more easily. This is a true fluxing action. 


2. Akin to this explanation is the following: the reduction of the 
oxide layer on the surface of the molten drop has the same effect 
of enabling it to separate more easily. This is, therefore, a kind of 
fluxing also. 


3. The mere fact that the coating of the rod is of a material which 
is a poor conductor of heat serves to blanket it and prevent the 
escape of heat, thereby leading to more rapid melting. 


CURRENT Dip DURING OVERHEAD WELDING 


Returning to Figs. 9 and 10 relating to overhead 
welding, it will be noted that these show a phenome- 
non just opposite to that of short-circuiting which 
involves a rise of current accompanied by a drop of 
voltage. In these figures we see sharp dips in the 
current accompanied by a corresponding rise in 
voltage. In Fig. 9 there are no short circuits while 
in Fig. 10 there are both short circuits and dips as 
well. The likeliest explanation for these dips is the 
following. When a drop is detached from the elec- 
trode it ordinarily ceases to carry current unless it 
short-circuits the are. If it does not short-circuit 
the arc then the arc continues to carry the current 
while the drop passes over without doing so. But 
in certain cases the arc may pass from the electrode 
to the drop and from the drop to the work in a man- 
ner shown in Fig. 11. In this case since there are 
2 arcs there will be 2 cathode and 2 anode drops of 
potential and hence the voltage across the are will 
be approximately doubled. If we suppose that this 
is what happens when a dip of current occurs this 
will suffice to explain it but of course a more direct 
proof that this explanation is correct would be de- 
sirable. 


WELDING WITH BALLAST RESISTANCE 


In Fig. 12 is reproduced an oscillogram taken when 
welding was carried out by using the 110-volt sup- 
ply from a battery with a ballast resistance and self 
induction in series, instead of using the welding gen- 
erator. This oscillogram is reproduced chiefly to show 
the much greater smoothness of the current wave. 
Nevertheless the high frequency oscillations in the 
voltage wave are not wiped out so that it would be 
interesting to know their origin. 
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Equivalent Circuits 
in Stability Studies 


Representation of ‘‘receiving-end’’ systems 
by simplified equivalent circuits, for use in 
steady state stability studies of electric 
power transmission systems, is discussed in 
this paper. Various methods of approxi- 
mate representation are analyzed, com- 
pared, and evaluated. Comparative analy- 
ses of a specific problem indicates that the 
simplified method that replaces the re- 
ceiving-end system by an equivalent gener- 
ator and an equivalent load is sufficiently 
accurate for engineering purposes. 


By 
O. G. C. DAHL A. E. FITZGERALD 
FELLOW A.-KE.E. ASSOCIATE A.1.E.E. 


Both of Massachusetts Institute of Technology, Cambridge 


T. FACILITATE stability studies 
and calculations, the complicated networks compris- 
ing electric power transmission systems may often be 
represented by simplified equivalent networks which 
may be used in place of the actual networks. In 
this paper the general problem of “‘receiving-end”’ 
system representation in stability calculations is 
discussed, and a limited number of comparative 
analyses based upon somewhat different premises are 
presented. The particular problem analyzed is that 
of a hydroelectric station connected by a long trans- 
mission line to an existing system (called the re- 
ceiving-end system) consisting of generating stations, 
substations, and loads. This paper presents also a 
method of obtaining the receiving-end system charac- 
teristics by use of a network analyzer, which may be 
of value for the solution of some types of practical 
problems. 

In order to determine the validity and accuracy 
of approximate methods of receiving-end represen- 
tation, 2 sets of stability analyses of a specific system 
were made; the first an exact representation, and the 
second an approximate representation by an equiva- 
lent generator and an equivalent load. As far as 
it is permissible to draw general conclusions from 
these analyses of a single although typical and fully 
representative power transmission system, it is evi- 
dent that the method involving the equivalent 
generator and equivalent load representation of the 
receiving-end system gives results of engineering ac- 
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curacy. Both the resultant power-voltage and re- 
active power-voltage characteristics are in good 
agreement with the correct ones when actual load 
characteristics are assigned to the equivalent load. 
The power limits obtained by the 2 methods also 
are in close agreement. 

The assumption of constant-impedance loads does 
not affect the power characteristics materially, but 
does influence the reactive-power characteristics to an 
appreciable extent. In the exact method of analysis 
the use of constant-impedance loads gives rise to es- 
sentially the same power limit as when actual load 
characteristics are used. In the approximate method, 
however, the power limit obtained with constant- 
impedance equivalent load deviates to a somewhat 
larger extent from that based upon actual load 
characteristics. It is impossible to say, of course, 
whether the use of constant-impedance loads might 
not give rise in other systems to larger discrepancies 
than here indicated. 

To sum up, it seems that the simplified method, 
which replaces the receiving-end system by an equiv- 
alent generator and an equivalent load directly at 
the receiving-end bus, is sufficiently accurate for 
engineering purposes. For maximum reliability of 
results it appears preferable to assign load character- 
istics to the equivalent load, in the manner discussed, 
rather than to represent it by a constant impedance. 


GENERAL PROBLEM 


In connection with long distance transmission of 
electric power the problem most frequently en- 
countered is the following: A water power site 
usually is developed for the purpose of increasing the 
power available at some large load area. In general 
the locations of the available water power and the 
load area are far apart, and transmission over long 
lines therefore becomes necessary. 

At the load area the transmission line ties in with 
an existing system. This, as a rule, will contain 
several generating stations, substations, and loads 
of various categories. In connection with the design 
of the transmission line it usually is sufficient to as- 
certain that the hydroelectric station will operate 
with stability with respect to the receiving-end 
system. The problem therefore narrows down to an 
examination of the stability of the line, or rather the 
transmission system, and is carried out without 
reference to the stability situation within the re- 
ceiving-end system itself. 

It may be appropriate, therefore, in a situation of 
this sort to treat the receiving-end system as a unit. 
This may be done by simulating its performance at 
the point at which the transmission line ties in 
(usually the low voltage side of the receiving-end 
substation) by a set of power-voltage and reactive 
power-voltage characteristics. These characteristics 
in general are based upon operation at constant 
field current of the various main synchronous 
machines within the receiving-end system and with 
connected loads of designated values.'” 

It is evident that these receiving-end system char- 
acteristics are motor characteristics in the sense that 


1. See bibliography at end of paper for all numbered references. 
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they indicate the input to the receiving-end system 
taken as a whole. In other words, this method of 
representation treats the receiving-end system as if 
it were an equivalent motor. In order to determine 
whether stability is present between the 2 systems, 
the equivalent motor characteristics may be super- 
imposed on the receiving-end characteristics of the 
transmission system. The procedure involved (ana- 
lytical or graphical, as the case may be) is exactly 
the same as that used in connection with the stability 
of simple systems with synchronous motor loads.’ 
The fact that an equivalent motor is dealt with 
does not change the principles involved in the 
analysis. 

Having carried out the superposition, a resultant 
power-voltage curve is obtained, as indicated in Fig. 
17. Inregard to the interpretation of this character- 
istic, caution must be exercised. It is safe to say 
that if the curve shows convexity (i. e., indicates 
that a power increment is associated with a drop in 
voltage) the transmission system will be stable with 
the connected loading assumed. While the maxi- 
mum point on this curve definitely signifies the 
power limit when an actual synchronous motor con- 
stitutes the load, it has no similar significance in the 
present case because the receiving-end system 1s in 
reality no motor. This is an important point and 
should be borne definitely in mind. 

It usually is required, however, to determine the 
power limit of the transmission system when operat- 
ing at normal voltages. In order to obtain this 
limit recalculations are in general necessary. As- 
suming that the first power-voltage curve indicates 
stability, the loadings within the receiving-end sys- 
tem are increased and its junction point character- 
istics revamped to correspond to the new load con- 
ditions. (Looking at the receiving-end system as an 
equivalent motor, this procedure is evidently equiva- 
lent to changing its capacity.) The stability is 
checked again by superposition and inspection of 
the resultant power-voltage curve. Recalculations 
in this manner are made until the power limit can 
be ascertained. 

It is obviously not necessary to hit at the exact 
load conditions that will correspond to the power 
limit. The actual value may be obtained by extrapo- 
lation when a sufficient number of power-voltage 
curves are available. The limit is obtained at the 
point of intersection between the normal voltage axis 
and a curve representing the locus of maxima (Fig. 
72) 

This method, involving the use of receiving-end 
system characteristics based on actual load con- 
ditions within the receiving-end system, is an ef- 
fective and correct one for the particular purpose for 
which it is applied. It serves to indicate correctly 
whether or not synchronizing power between the 2 
parts of the system, i. e., the transmission line and 
the receiving-end system, is present. On the other 
hand, it tells nothing about the internal stability 
situation in the receiving-end system, which, al- 
though entirely satisfactory while operating alone, 
may be changed by the presence of the transmission 
system. Hence, if any doubt exists as to the internal 
stability, it may be necessary also to give attention 
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to this part of the problem. In general, however, 
when additional power is brought into a load area 
from a distance, the transmission system definitely 
represents the weakest link. The analysis, there- 
fore, quite frequently is limited to an examination 
of its performance with respect to the receiving-end 
system taken as a whole. 

The main inconvenience in using receiving-system 
characteristics in the manner just described is that 
they have to be recalculated perhaps several times 
when the actual power limit is to be ascertained. 
This inconvenience, however, may be avoided by a 
modification. Instead of using a single set of re- 
ceiving-end system characteristics at the junction 
point, a segregation of the receiving-end system into 
2 parts at this point may be made.! These 2 parts 
represent an equivalent generator and an equivalent 
load, respectively. The generator characteristics 
may, or may not, include a part of the load effects 
within the receiving-end system. 

In using this type of receiving-end system repre- 
sentation, the, load increments required for the 
purpose of recalculation in order to determine the 
power limit, may be applied to the equivalent load 
directly. Hence, having once determined the equiva- 
lent-generator and load characteristics, no complete 
revamping of the receiving-end system character- 
istics is necessary, as in the previous case. There- 
fore, using the approximate representation, the 
problem reduces to the handling of a 2-generator 
system with the load connected at the terminals of 
one of the generators. It should be definitely borne 
in mind, of course, that this method is inherently 
approximate. Nevertheless, if proper judgment be 
used in segregating the receiving-end system into 2 
parts, and in assigning the appropriate character- 
istics to each, fairly reliable results may be obtained. 
That this method involves considerable saving in 
time and labor is evident. 


System Loaps 


The loads of an alternating current system in 
general may be subdivided into 4 types: (1) lighting 
load, (2) synchronous motor load, (3) synchronous 
converter load, and (4) induction motor load. The 
loads usually receive power over the distribution net- 
work through distribution transformers. The distri- 
bution network is connected to the substations which 
in turn are supplied from the generating stations 
over overhead or underground transmission lines or 
feeders. In stability investigations it is zmpracticable 
to include all individual loads properly in the analysis, 
and still it is «mportant to introduce at least the ap- 
proximate effect of the load action. Practically this 
may be done by (1) considering the load concentrated 
at the substations, or (2) representing the entire 
power system in the load area by an equivalent load 
of appropriate characteristics. 

In the former case the characteristics of the com- 
posite load at the substation must be introduced. 
Two methods are here possible namely (1) the approxi- 
mate method of simulating the substation loads by 
constant impedances, and (2) the determination and 
use of actual load characteristics at the substations. 
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Load characteristics in general are given best by 
curves of active and reactive power versus volt- 
age.524 Jn some instances it may be sufficient to 
represent the load by its power factor characteristic, 
i. e., a curve of power factor versus voltage. 

Should any of the loads include synchronous 
machines of sufficiently large rating to justify their 
identity being preserved and their being treated as 
separate sychronous machine units, this, of course, 
can be done. Whether or not this is necessary and 
desirable must evidently be left to the discretion and 
judgment of the engineer who handles the problem. 


Fig. 1. Typical Loy Ge 
receiving - end j 


CHARACTERISTICS OF SUBSTATION LOADS 


The loads on the substations in a power system 
may consist of the 4 individual types discussed in 
preceding paragraphs. In addition, the substations 
will also carry the active and reactive power losses 
in the distribution network caused by the various 
individual load currents. The segregation between 
different types at each substation evidently depends 
upon each specific situation. The composite char- 
acteristics at the substations may be approximately 
as indicated in Fig. 12. It is inevitable that for a 
commercial load the power will decrease somewhat 
with a drop in voltage and the reactive power will 
change somewhat in a leading direction. 

In determining the substation loads and their 
characteristics it may be possible to figure back from 
the individual loads, including at each voltage the 
power and reactive power losses in the distribution 
system. However, this complete procedure seldom 
is followed, and, furthermore, sufficient detailed data 
frequently will not be available for such an analysis. 
Usually the power and reactive power at the sub- 
station itself is specified or estimated. The per- 
centage of each type of load supplied is also specified 
or estimated. With this information at hand and 
using suitable characteristics for the variation in 
power and reactive power for each individual type 
of load, the required composite characteristics are 
made up. The fact that such characteristics are 
applied at the substations instead of at the individual 
loads makes very little difference. The uncertain 
factors and unknown quantities are so many that 
the inclusion of distribution losses in applying these 
characteristics will not affect the true result mate- 
rially. 

Sometimes the substation loads are represented 
merely by constant impedances. Although this may 
be very convenient from the standpoint of compu- 
tation, it evidently is an approximation only. In 
general, constant impedance loads will have neither 
the correct power nor reactive power characteristics 
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fully to represent the actual load at all voltages. 
Only at the value of voltage at which the impedances 
are determined (usually the normal value) will the 
representation be exact. 


RECEIVING-END SYSTEMS AND THEIR SIMPLIFICATION 


For the purpose of the subsequent discussion a 
recewving-end system will be defined as a compound 
power system to which power and reactive power are 
supplied at some point. It includes, in other words, 
everything, i. e., machines, transformers, transmis- 
sion and distribution circuits, and loads located be- 
yond the point in question. The agent supplying 
power and reactive power to the point may be a 
generator, a transmission line, or even another power 
system; in the majority of instances where stability 
is involved it represents a transmission line fed from 
a distant station, as already outlined. 

For purposes of analysis it is frequently desirable 
to simplify the receiving-end system as much as 
practicable. How much can be accomplished in this 
regard depends upon the actual layout at hand. 
Every system offers its own problems. Simplifi- 
cation by analytical methods usually involves re- 
peated application of Y-A and A-Y transformations 
as well as the more general star-mesh transfor- 
mations. 

When the substation loads are represented by their 
true characteristics it is usually necessary to re- 
tain the substations as definite identities. Only 
when the loads are represented by impedances can 
they be treated as network elements proper and be 
included directly in the process of simplification. 
In such cases the result is likely to be a system con- 
siderably less complicated than when the identity 
of the substations is retained. 

Consider the system in Fig. 1, for instance, repre- 
senting a receiving-end system with respect to the 
point R. It involves, as may be seen, 2 generating 
stations and several substations. If the proper 
characteristics of the loads at the latter are included, 
no further simplification of this system is practicable. 
(The A-loop 1-2-3, of course, may be replaced by a 
“Vv”? but this does not involve any real simplifi- 
cation.) If, on the other hand, the substation loads 
are considered as impedances, further simplification 
is possible as suggested in the steps (a) to (g) in 
Fig. 2. These steps involve nothing but A-Y and 


(a) @) 


(b) 


Fig. 2. Simpli- 
fication of system 
S2in Fig. 1 when 
loads are consid- 

Si ered as constant 
impedances 
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Y-A transformations. If the distributed constants 
of the lines are taken into account these may be 
represented by their proper equivalent 7 circuits. 
The presence of the leaks will not prevent simplifi- 
cation from being carried out. 

Should the receiving-end system contain only one 
generating station and, in addition, the substation 
loads be considered as ‘mpedances, it may in general 
be represented by a single z circuit. Referring to 
the previous example, Fig. 2, for instance, and con- 
sidering the generators in station 2 to be removed 
so as to convert it into a substation, it is evident that 
by the simplifying steps suggested in that figure the 
final representation becomes an equivalent 7 circuit 
as given in Fig. 3. 


CHARACTERISTICS OF A RECEIVING-END SYSTEM 


As already stated, it is frequently desirable in 
connection with stability analyses to represent the 
receiving-end system by its proper characteristics. 
Such characteristics in general are curves of active 
versus reactive power for various values of voltage 
at the point in question. They should include the 
effects of all generators in the receiving-end system, 
all transmission and distribution circuits, trans- 
formers, substations, and loads. From the stand- 
point of steady state stability calculations, the 
characteristics should be for appropriate constant 
field currents in the synchronous machines and with 
appropriate fixed angular displacements between 
these machines. To calculate these characteristics 
for a practical power system in many instances may 
be exceedingly complicated. (The consideration of 
fixed angular relationships is an assumption that 
governs the active and reactive power distribution 
among the synchronous machines within the receiv- 
ing-endsystem. There are, however, also other bases 
that may be used for this purpose. See, for instance, 
the paper, ‘‘Power Limits of Synchronous Machines,” 
by Edith Clarke and R. G. Lorraine in ELecrricaL 
ENGINEERING, November 1933, p. 780-7, and particu- 
larly the discussions of it in ELECTRICAL ENGINEER- 
ING, March 1934, p. 475-7, some of which point out 
possibilities in this respect.) 

If the substation loads are to be represented by 
constant impedances, the first step would be to 
simplify the receiving-end system as much as prac- 
ticable, retaining, of course, the identity of the 
generating stations. Using the simplified circuit lay- 
out, expressions for power and reactive power at the 
point in question may be established. Equations of 
the type that would be applicable are developed in 
the literature in several places. Having these equa- 
tions and using the appropriate excitation voltages 
and displacements between synchronous machines, 
the power and reactive power at the point in question 


Fig. 3. Further * 
simplification of 
system in Fig. 1 
when = generators 
G» are omitted 


may be calculated as a function of voltage at that 
point. Evidently such calculations are possible only 
when no saturation effects are included. In other 
words, all circuit elements involved must be linear. 

When the proper characteristics of the substation 
loads are to be used, the problem becomes still more 
involved and calculations may be so complicated as 
to be almost prohibitive. It is usually necessary to 
resort to cut-and-try methods, which evidently also 
allow saturation to be taken into account in the 
synchronous machines if desired. If the layout is 
not too involved it may also be possible to resort 
to graphical methods. In this case charts must be 
available for the machines as well as for the various 
transmission circuits. A system of superposition at 
junction points is used, and in this manner the non- 
linear elements can be brought properly into the 
picture. It is evidently of no moment to attempt 
giving specific directions as each individual problem 
requires its own particular method of attack. 

By far the best way of obtaining the character- 
istics of a complicated power system (receiving-end 
system) is by the use of a network analyzer (alter- 
nating current calculating table). On such an 
analyzer a true replica of the network can be set up, 
including synchronous machines and loads. The 
procedure evidently would be first to adjust the 
miniature system for conditions of normal operation. 
This involves adjusting for correct voltages at all 
buses, the proper field current as well as phase dis- 
placement of the synchronous machines, and the 
proper admittances representing the loads at the sub- 
station buses. Holding the field currents in the 
synchronous machines and the displacement angles 
between them constant, and a fixed voltage at the 
receiving-end bus, the phase angle of the latter may 
be changed. A change in the angle of this voltage 
will evidently alter the voltage at the substation 
buses, which in turn requires a new load admittance 
to be used. By a few trials the correct value of ad- 
mittance corresponding to the voltage may be ob- 
tained. When everything is properly adjusted the 
power and reactive power at the receiving bus are 
determined. Proceeding in this manner, enough 
values for one particular voltage at the receiving-end 
bus are obtained so that a curve may be plotted. 
The magnitude of the voltage at the receiving-end 
bus then is changed to the next desired value and the 


R Fig. 4 (left). Receiving-end system 
and its equivalent representation 
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procedure just outlined is repeated. The correct 
power and reactive power characteristics at the re- 
ceiving-end bus are thus eventually obtained. 

Characteristics of the receiving-end system indi- 
cated in Fig. 5 are given in Figs. 13 to 16. They 
were obtained on the network analyzer at the Mas- 
sachusetts Institute of Technology, further details 
being given in a later section of the paper. 


REPRESENTATION OF RECEIVING SYSTEM BY EQUIVA- 
LENT LOAD AND EQUIVALENT GENERATING STATION 


It is evident from the foregoing that to obtain 
the characteristics of a receiving-end system is a 
rather complicated, laborious, and difficult task, ex- 
cept when a network analyzer is resorted to. Fur- 
thermore, as already pointed out, it is usually 
necessary during a stability analysis to secure such 
receiving-end characteristics for several load con- 
ditions for the purpose of eventually determining 
the power limits. Hence it would-be decidedly help- 
ful to have methods available embodying simplified 
equivalent representations of the receiving-end sys- 
tem. The requirements of such methods are evi- 
dently that they be time and labor saving and give 
results that are correct to engineering accuracy. 
Such methods, involving a certain degree of ap- 
proximation, have a further justification in that so 
many factors, as already pointed out, are somewhat 
uncertain in stability analyses of large power sys- 
tems, so that undue refinements are not frequently 
called for. 

The most drastic approximation of a receiving- 
end system involves the location of an equtvalent 
generator and an equivalent load directly at the re- 
ceiving-end bus, as indicated in Fig. 4. The re- 
quirements are that the equivalent generator and 
the equivalent load give sufficiently nearly the same 
operating characteristics at the receiving-end bus as 
the actual system. 


EQUIVALENT GENERATOR 


The size of the equivalent generator is determined 
from the consideration that the short-circuit kilo- 
voltamperes that it would supply to a symmetrical 
3-phase short circuit at its terminals are the same 
that the receiving-end system would supply to a 
similar short circuit at the receiving-end bus. It is 
necessary, therefore, to determine the short-circuit 
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Circles give ratio of receiving voltage to sending voltage. 
Angle lines give displacement between sending voltage and 
receiving voltage. Vg is nominal value of sending voltage 


kilovoltamperes of the receiving-end system. This 
may be done on several bases of which the following 
3 are the most important ones: (a) with the ex- 
citation voltages of all generators phase-displaced by 
the proper amount and having the proper values to 
supply the loads on the system, and with the loads 
attached; (b) with the excitation voltages of all 
generators in phase but equal to their actual values 
with load on the system, without, however, con- 
sidering the load in obtaining the short-circuit kilo- 
voltamperes; and (c) with the excitation voltages of all 
generators in phase and equal to unity, and omitting 
the loads on the system. 

It is evident that the first method is the correct 
one. It is also the one that is the most complicated, 
however, especially if the results are to be obtained 
by calculation. If the load characteristics are to be 


included properly this involves a cut-and-try process - 


of calculation. Ona network analyzer, however, the 
characteristics can be obtained without difficulty. 

The second method involves an approximation. 
If saturation is taken into account, this method also 
would involve a cut-and-try process unless graphical 
schemes could be employed. If, on the other hand, 
saturation is neglected, the characteristics may be 
calculated by means of the input equations to a 
general, linear network. These may be simplified 
since the excitation voltages are all in phase. 

The last mentioned method involves a further 
approximation in that all excitation voltages are con- 
sidered equal to unity. Ignoring the saturation, the 
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system in this case may be reduced drastically. As 
a matter of fact, independent of the number of 
generating stations, the result will be a circuit fed 
from a single station. If line admittances are to 
be taken into account this circuit will be an equiva- 
lent 7. If line admittances are neglected, it becomes 
a simple impedance only. Evidently there is not 
much sense in including line admittances when the 
loads are ignored. Furthermore, since the circuit 
resistances have only a very minor effect on the short- 
circuit kilovoltamperes, a reactance system only may 
be used in the calculations with suntan) accurate 
results. 

From the values of the short-circuit kilovolt- 
amperes the size of the equivalent generator to be 
attached at the receiving-end bus may be determined. 
The ustial practice is to give this machine more or 
less normal generator characteristics. Since, as a 
rule, the machines in a receiving-end system are 
turbogenerators it is logical to assign unity short- 
circuit ratio to the equivalent machine. On this 
basis its size directly equals the short-circuit kilovolt- 
amperes when the latter are determined by method 
c assuming unity excitation voltages. If another 
ratio is to be used the rating (Go) of the equivalent 
machine is calculated by 


Came 


Sep = PX (1) 


where P represents the short-circuit kilovoltamperes 
supplied by the receiving-end system, SCR the short- 


1277 


circuit ratio, and X) the unsaturated synchronous re- 
actance in per unit. 

When the excitation voltages in the actual 
generators have their proper load condition values, 
as in methods a and 8, it is logical also to consider 


Table I—Station Ratings and Outputs 


All reactive kilovoltamperes are lagging 


o- 


Station Outputs at Normal Voltage 


Generating Rating 


Station in Kva 1st Step 2d Step 3d Step 4th Step 
Gere 800,000..., .., 48,000 kw. wt... 5 48,000)..2.1., 48,000...... 48,000 
61,500 R-Rva. 0. 58,500.5.. 5.. 58.000. e225 58,500 
Gi. .ce., ©0,000...... 54,000 Ewe........5) 54,000.06... 64,000...... 54,000 
41,800 R. kva...... 49,300...... 49730025 49,300 
Gin. 500,000)... 42,000 Ewen «cs. 1 42,0008..55.3 42,000...... 42,000 
25,000 R. kva...... 43,000...... 43,000 . 43,000 
Gegeenc) 60;000% 1 42000 Ne wits ee op 4250008 es 42,000. ...... 42,000 
25,000 R. kva...... 43,000...... 43,000...... 43,000 
Transmission 15S 000 Uw ene ne be OOO wee 263,000... ...... 284,000 
#vyateine. a... es. «.. - 00,000 R. kva.....:.. $8,000. o...::5 86,000...... 98,400 
Table II—Power Taken by Substation Loads 
Power Taken at Normal Voltage, Kw 
Load 1st Step 2d Step 3d Step 4th Step 
eran ini aresciscte aL 00, O00 suesixs cre 20,0000 « sari oS, 000. = c1on0e-2.40;000 
gate coe eae CO;000%%..; Sree 90;000 55 0. Sey (993700: «5.5 -5:105,000 
Meare tt erietciesle te AO OOO aiate: am eysie ke 405 COU oniiitge eee OG) 200556. nryn OO 000 
eee neh neste 40 OOO iat 40 48,000 5 a eivtsra OOs2 OO inch oan O0.000 
eget ieee tater etary Nom 010, OOO ene tp cuca O 000 a a.5 ste OOS O0 sss-< sears LO05,000 


the excitation voltage of the equivalent generator 
different from unity. It may appropriately be 
taken equal to its value under equivalent load con- 
ditions. Even on the basis of unity short-circuit 
ratio the rating of the equivalent machine,then no 
longer coincides with the short-circuit kilovolt- 
amperes, and is in general obtained from 

BaP 


BN SERX Ey > Be. me 


where / represents its excitation voltage. Since 
this depends on the current supplied by the equiva- 
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lent generator to the equivalent load (Lo) and this 
load in turn upon the rating of the generator (Gp), 
the calculation of the rating involves a cut-and-try 
process. This may be carried out as follows: 
Determine an approximate rating by evaluating eq 
2, letting the excitation voltage be unity or equal 
to an assumed, reasonable value. With this rating 
determine the equivalent load, as discussed later, 
by means of eq 5, and from this the part of the 
load current supplied by the equivalent generator. 
Then 


Ey = Er + jXolo (3) 


where E, is the voltage of the receiving-end bus 
taken at its normal value (usually 100 per cent) and 
I, the generator current. 

Using this improved value of excitation voltage, 
the rating of the equivalent generator is recalculated. 
This again leads to new and more nearly correct 
values of equivalent load, generator current, and 
excitation voltage. This process is repeated until 
the correct rating has been determined. 

In graphical analyses the performance of the 
equivalent machine may be given by charts of the 
type used to represent actual generators. 


/ 


BEE SO 


LEADING 


él 
a_i 


SS 


y_) 
Da 
K 
SA 
Dx 
Y q 
Bs 
w, 


Ko4 
SKS 
& 
we 


\ 

VATA, 
SVN 
ABAEBN 


3 
s 
ad 
Ke O% 
os 
Me 
GN 

Wz 
N 


ATL Ke 


REACTIVE POWER IN PER CENT OF RATING 
o 


OT 


aN 


LAGGING 


10) 40 80 120 160 
ACTIVE POWER IN PER CENT OF RATING 


200 240 280 


Fig. 9. Chart for a salient pole generator at 85 per 
cent terminal voltage 


Circles represent voltage induced by air-gap flux in per cent of 
normal terminal voltage. Curves represent field current in 
per cent of field current at normal open-circuit voltage. 
Straight angle lines represent displacement in electrical 
degrees between voltage induced by air-gap flux and ter- 
minal voltage. Curved angle lines represent displacement 
in electrical degrees between excitation voltage and ter- 
minal voltage 
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Fig. 10 (left). 
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EQUIVALENT LOADS 


The total active and reactive power supplied to a 
system includes the actual loads and all appropriate 
transformer, distribution, and transmission losses 
(power and reactive-power losses). The equivalent 
load representing the load action of the receiving- 
end system may be considered equal to the total 
power and reactive power so supplied multiplied by 
a reduction factor. This reduction factor may be 
taken as the ratio of the kilovoltampere capacity 
of the generating equipment outside of the receiv- 
ing-end system (assuming that all power is trans- 
mitted into the latter) and the equivalent generator 
to the actual total kilovoltampere generator capac- 
ity in the system as a whole (including, of course, the 
capacity outside as well as inside the receiving-end 
system). 

Assume, for instance, that a hydroelectric-station 
of capacity G; supplies power over a transmission 
line to a large receiving-end system containing 3 
generating stations of capacity Gz, G;, and Gi. The 
capacity of the equivalent station is Go. Let the 
total power and reactive power supplied to the re- 
ceiving-end system be LZ. The size of the equiva- 
lent load Ly is then given by 


Gi + Go 
= ee 4 
Lo 16 =G ( ) 


where the aggregate generating capacity =G is 
represented by 


2G =G46,4+G4+6;+ G4, (5) 


In order to obtain the total power L actually sup- 
plied, it is necessary to perform several calculations 
starting at the actual loads of the system, or at 
least at the loads on the substations. Also it is 
necessary to know the relationship between the power 
and reactive power in the load L and the voltage at 
the receiving-end bus. The same power and re- 
active-power variation then may be assigned to the 
equivalent load. Evidently this relationship can- 
not be determined accurately without a large 
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amount of time and labor, since it would be necessary 
for accurate analysis to apply the load characteristics 
directly at every individual load actually on the 
system. Such a procedure, as previously pointed 
out, is prohibitive. It is considered sufficiently ac- 
curate for the approximate representation to apply 
individual! load characteristics for different types of 
loads to the aggregate amount of these loads on the 
system as a whole. Hence, knowing the total power 
and reactive power of the various types of loads on 
the system, and having segregated out the distri- 
bution, transmission, and transformer losses at 
normal voltage, the load power and reactive power 
as well as the losses at reduced voltages may be 
estimated and the total power and reactive-power 
characteristics determined in that manner. 


COMPARATIVE ANALYSES 


System Used. Figure 5 is a diagram of the specific 
system used in examining the approximate method 
of receiving-end system representation. Sending 
and receiving charts!*.° for one circuit of the section 
a-b, comprising a 142-mile, 2-circuit, 795,000-cir mil 
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Fig. 12. Composite load characteristics 


A: Characteristics for loads Li, Le, and Ls 

B: Characteristics for loads Ls and Lu 

C: Weighted Average of A and B plus losses in 66-kv 

lines and transformers (used in approximate set-up) 

Active power at normal (100 per cent) voltage is base for 
per cent active and reactive power 
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Fig. 14. Superposition of receiving-end system 
characteristics and transmitting-ability curves for 
second load condition 


Solid lines: Receiving-end system characteristics for exact 

set-up using load characteristics 
Dashes: Same with constant-impedance loads 

Dots: Receiving-end system characteristics for approximate 
set-up using load characteristics 

Dash and 2 dots: Same with constant-impedance loads 

Dash and dot: Transmitting-ability curves for transmission 

system 
Percentages on the respective curves give values of Er in per 
cent for those curves 


A.C.S.R. line having 22.5-ft horizontal spacing and 
with its associated transformers, are given in Figs. 
6 and 7. The constants for the other lines and 
transformers are given in Fig. 5, resistance, capaci- 
tance, and leakance being neglected there. 
Generating equipment in hydroelectric station G; 
consists of 7 37,500-kva 13,800-volt 60-cycle, 150- 
rpm generators to which the characteristics of Fig. 
8 apply. Performance charts? for these generators, 


of which Fig. 9 is typical, were constructed for 
terminal voltages between 100 per cent and 70 per 
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characteristics and transmitting-ability curves for third 
load condition; for identity of curves, see Fig. 14 
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ACTIVE POWER IN KW X 103 
Fig. 16. Superposition of receiving-end system 
characteristics and transmitting-ability curves for 
fourth load condition; for identity of curves, see 
Fig. 14 


cent. Synchronous condensers of capacity totaling 
125,000 kva and with characteristics given in Fig. 
10 are connected at the receiving-end bus 0. Ter- 
minal voltages on these V-curves refer to the high- 
voltage side of the condenser transformers. In re- 
ceiving-end generating stations G, to G; are located 
turboalternators with characteristics shown in Fig. 
11. Values of the kilovoltampere capacities in 
these stations are given in Table I. 

The connected substation loads Li, Lz, and Ls 
are 60 per cent induction motors, 20 per cent syn- 
chronous motors, and 20 per cent lighting and heat- 
ing; Ls and Ly, are 50 per cent induction motors, 
20 per cent synchronous motors, and 30 per cent 
lighting and heating. In addition, 10 per cent of 
the connected kilowatt load is added to include power 
lost in the distribution system, and 30 per cent of 
the connected kilowatt load value is taken as the 
reactive-power loss in distribution. (These figures 
are actually arbitrary since no specific distribution 
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system was considered in this investigation.) The 
composite load characteristics, Fig. 12, are based 
upon these assumptions, use being made of material 
given by Evans and Wagner? regarding variation of 
active and reactive power to synchronous and in- 
duction motors. When the power taken by the 
substation loads is increased during the course of 
the analysis, it is assumed that the incremental load 
has the same characteristics as the initial load, so 
that these curves may be used throughout. Total 
loads at the substations are given in Table II. 

Procedure. In order to investigate the validity 
and accuracy of approximate methods of receiving- 
end system representation, 2 sets of stability analyses 
were carried out. In the first set an exact represen- 
tation of the receiving-end system as it exists was 
used. The effect of saturation in the machines was 
included, and variations of the load impedances with 
voltage were accounted for by means of. the load 
characteristics discussed previously in this paper. 
As a secondary issue here, the degree of accuracy 
lost by assuming constant load impedances was 
determined by carrying through an analysis under 
this assumption. In the second set the approximate 
representation of the receiving-end system by an 
equivalent generator and an equivalent load was 
used. The effects of saturation and load character- 
istics likewise were included here, and again the 
inaccuracy introduced by a constant impedance load 
assumption was investigated. The results of these 
2 sets were then analyzed and compared in order to 
draw the desired conclusions. 

Exact Set-Up. In order to determine the exact 
receiving-end system characteristics, the receiving- 
end system, comprising the part bc d ef of Fig. 5 
exclusive of the synchronous condenser, was set 
up on the M.I.T. network analyzer.’ On the ana- 
lyzer the transmission system, comprising the hydro- 
electric station, line, and synchronous condenser, 
was simulated by an additional generator on bus 0. 
Values of loads assumed at the substations for the 
initial step will be found in the second column of 
Table II. These loads were divided among the re- 
ceiving-end generating stations and the transmis- 
sion system in such a manner as to maintain as 
nearly 100 per cent voltage as possible on all buses 
in consideration of the ratings of the stations. The 
resulting outputs of the stations for the initial step 
are given in the third column of Table I, these 
figures including the reactive-power loss in the 66- 
kv lines and transformers. 


100 


Fig. 17 (left). 


These distributions then determine the field cur- 
rents in the machines of the receiving-end system 
and the angular displacements between their rotors. 
With these quantities kept constant, it is then 
readily possible to obtain curves of active versus 
reactive power taken by the receiving-end system 
from the transmission system for various values of 
E,, the voltage on bus 6. Such receiving-end sys- 
tem characteristics for the initial step are shown in 
Fig. 138. Saturation was included by using the 
curve of synchronous reactance versus airf-gap 
voltage given in Fig. 11, this curve being calculated 
from the open-circuit and zero-power-factor curves 
therein presented. 

From the portion of the active and reactive load 
assigned to the transmission system in the foregoing 
division, the excitations in the synchronous condenser 
and hydroelectric station can be determined, it be- 
ing assumed that 100 per cent voltage is maintained 
at each end of the line and transformers. With 
these excitations constant, superposition’ of gen- 
erator and line charts and synchronous condenser 
V-curves leads to curves of active versus reactive 
power delivered by the transmission system for 
various values of receiving-end voltage, F,. (It 
also would have been possible to secure these char- 
acteristics of the transmission system by means of 
the network analyzer.) Such transmitting-ability 
curves for the initial step are given in Fig. 13. 
Superposition of the curves for the transmission and 
receiving-end systems then evidently gives the re- 
sultant power-voltage curve, Fig. 17, and the re- 
active power-voltage curve in Fig. 18. 

Repetition of this process for increased values of 
loads leads to the additional characteristics of Figs. 
14 to 16 and then makes possible determination of 
the power limit by extrapolation of the maxima of the 
resultant power-voltage curves, Fig. 17. Values of 
active and reactive power assumed at the sub- 
stations for subsequent steps are given in Table II, 
and their divisions among the generators in Table I. 
In making these divisions, the incremental active 
power was always assigned to the transmission sys- 
tem. As in the first step, the reactive power was 
divided so as to maintain at the buses as nearly 
100 per cent voltage as possible in view of the 
machine ratings. 

Approximate Set-Up. For purposes of comparison, 
the short-circuit kilovoltamperes of the receiving- 
end system at the point where the transmission line 
ties in when a symmetrical 3-phase short circuit is 
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Table III—Equivalent Generator and Load Ratings in Kilovolt- 
amperes and Kilowatts 
For meaning of a, b, c, 1, and Q, see text 


Short-circuit kilovolt- 

AMIPCLES sacs ese sicre « 348,000. .382,000. .3858,000. .397,000. .265,000. . 274,000 
Equivalent generator 

rating..............259,000. . 263,000. .267,000. .283,000. . 265,000. . 274,000 
Equivalent load rating 

(active power)....... 371,000. .374,000. .377,000. .389,000. .376,000. .382,000 


Table [V—Summary of Power Limits 


— ———— 


Power Limit Discrepancy 


Exact method........ (1) Using load characteristics... .288,000 kw.... 0 
(2) Using constant impedance 
loadsaa- ert tena te 202,000 Ewen thst 7 
Method involving 
equivalent generator 
any OE. ddadocimd o (1) Using load characteristics. . .299,000 kw....+3.8% 
(2) Using constant impedance 
loads tcliee te cee eel sts 015,000 kw... + 954% 


applied at this point was found on the 3 different 
bases previously discussed, namely: (a) with the 
excitation voltages of all generators phase-displaced 
by the proper amount and having the proper values 
to supply the loads on the system, and with the 
loads attached; (b) with the excitation voltages of 
all generators in phase but equal to their actual 
values with load on the system; and (c) with the 
excitation voltages of all generators in phase and 
equal to unity. Each of the 3 cases was subdivided 
further by using (1) unsaturated synchronous re- 
actances, and (2) synchronous reactances determined 
by the air-gap voltages from Fig. 11. The load con- 
ditions of the second step in Tables I and II were 
used here. The resulting short-circuit kilovolt- 
amperes, together with the corresponding equivalent 
.generator and load capacities, are given in Table 
III. Equivalent loads in Table III correspond to 
the second step in Table II, the first step having 
been omitted in the approximate analysis. 

Of these values of equivalent generator and load, 
the ones found by the simplest method, 265,000 
kva generator and 376,000-kw load, were used in 
further investigations. The equivalent generator 
was given the same characteristics as the other re- 
ceiving-end machines, Fig. 11, and the equivalent 
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Fig. 19 (left). Power-voltage 
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load was given a weighted average between the 
characteristics used previously for Li, Lx, and Le, 
and L; and Ly, with an addition to include losses in 
the 66-kv lines and transformers (see Fig. 12). The 
procedure outlined for the exact set-up was repeated 
to determine the receiving-end system character- 
istics for the equivalent generator and load. These, 
of course, might readily have been calculated, but 
the network analyzer again was used to expedite 
the solution. These curves for the approximate 
representation are plotted on Figs. 14 to 16 for super- 
position on the transmitting-ability curves, leading 
finally to the power-voltage curves of Fig. 19 and 
reactive power-voltage curves, Fig. 20. 


RESULTS 


Stability curves resulting from an exact deter- 
mination of the receiving-end system characteristics 
are presented in Fig. 17. Reactive power-voltage 
curves likewise are presented in Fig. 18, although 
not required for stability and power limit deter- 
mination. Two sets of these curves are given: one 
including the effect of the load-voltage character- 
istics, Fig. 12, and the other assuming loads of con- 
stant impedances fixed by the 100-per cent voltage 
conditions. Stability curves resulting from the ap- 
proximate representation of the receiving-end system 
by an equivalent generator and load are shown in 
Figs. 19 and 20. The 2 cases involving use of load 
characteristics and use of the constant-impedance- 
load assumption also are given here. It may be 
noted that the capacity of equivalent generator used 
for these curves is that corresponding to the simplest 
method of determination, cl in Table III. 

For comparison, the power limits found by the 
different methods are summarized in Table IV. 
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ELECTRICAL ENGINEERING 


Low Pressure Gaseous 


Discharge Lamps—Part Il _,, 


Radiation and conduction phenomena in 
low pressure gaseous discharge lamps are 
discussed in this paper. Part | was pub- 
lished in ELECTRICAL ENGINEERING for 
August 1934; the second and concluding 
part, on electrical conduction processes, is 
presented herewith. 


I. Part I of this paper, radiation proc- 
esses in low pressure gaseous discharge lamps were 
discussed. In the present section, conduction proc- 
esses are covered. 


CONDUCTION PROCESSES 
IN RELATION TO LIGHT EFFICIENCY 


To produce visible light, that is, radiation ranging 
from 4,000 to 7,000 (where X indicates wave 
length in Angstrom units, or cm~), requires, on the 
basis of eq 6 (see Part I), the impact on atoms, of 
electrons having kinetic energy ranging from about 
3.08 to 1.76 volts. In the case of sodium, 2.1 to 
3.0-volt electrons bring about excitation and emis- 
sion of visible light, but in such cases as neon and 
mercury, the electrons must acquire a kinetic energy 
which is 2 to 3 volts in excess of the resonance energy, 
since the resonance lines of these atoms are in the 
ultra-violet region and visible radiations are obtained 
only through transitions from still higher excited 
states. Thus if V, denotes the resonance energy, 
the efficiency of light production in such cases as 
neon and mercury is approximately 2/(V, + 2). 
While successive excitation does effect some saving 
in energy, it is evident that the efficiency of light pro- 
duction in sodium would be expected to be greater 
than that in mercury, and the latter, in turn, greater 
than that in neon. 

The problems, therefore, of extreme importance in 
obtaining high light efficiency are, first, to choose the 
right kind of vapor or gas from the point of view of 
energy levels, second, to arrange the electrical con- 
ditions so that the electrons shall acquire sufficient 
kinetic energy to produce the maximum yield of ex- 
cited atoms of the proper energy content, and, third, 
determine such operating conditions (pressure of gas, 
design of a discharge tube, etc.) that the atoms in the 
excited state shall give rise to the largest number of 
light-emitting transitions. Now the motion of any 
considerable number of electrons in the gas is possible 
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only if the negative space charge that would result 
because of their presence is neutralized by positive 
ions. In fact this is the only function of positive 
ions in a low pressure discharge—to impart conduc- 
tivity to the discharge. Furthermore, it is neces- 
sary to provide in any discharge some source of 
supply of electrons, and the energy thus consumed in 
generating electrons is therefore an ‘‘overhead’’ on 
the energy actually utilized in production of visible 
light. 

This leads to considering in further detail the con- 
duction phenomena in a discharge. In fact, as 
C. G. Found has stated,?° ‘“‘Any discussion of the pro- 
duction of light in a gaseous discharge must involve a 
consideration of such a discharge as a conductor of 
electricity, since the fundamental function of the ap- 
plied voltage is to establish the passage of current. 
Any light produced is merely incidental to and a by- 
product of the processes which render the tube con- 
ducting.” 


CoLp CATHODE POSITIVE COLUMN DISCHARGE 


Let us consider the phenomena in a long discharge 
tube such as those used in neon signs (Geissler tubes) 
and containing gas at a low pressure. When a high 
voltage is applied between the 2 metal disk electrodes, 
a discharge occurs and the distribution of light is 
that shown in the lower part of Fig. 8.°—*4 

The following description is taken from the paper 
by Langmuir and Compton. 

“Figure 8 illustrates a typical discharge of this 
kind. Close to the surface of the cathode a glow, 
called the cathode glow is observed. Beyond this is 
the cathode or Crookes’ dark space. Then comes 
the negative glow which is usually of considerable 
intensity. Passing in the direction toward the an- 
ode, the intensity of this glow gradually decreases 
and becomes a second dark space, called the Faraday 

ark space, this usually being several times wider 
than the cathode dark space. Then comes the posi- 
tive column which begins sharply at a definite po- 
sition called the ‘head of the positive column.’ This 
surface of demarcation is convex on the side toward 
the cathode. In most cases the positive column is of 
uniform intensity all the way to the anode. Some- 
times, however, it is broken up into striations, which 
appear to consist of alternations of Faraday dark 
spaces and short sections of positive column. Close 
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to the anode, especially if this is of small size, there 
may be an anode glow. 

“Typical phenomena such as those illustrated in 
Fig. 8 are usually observed most readily at gas pres- 
sures in the neighborhood of one millimeter of mer- 
cury. At any given pressure the positions of the 
negative glow, the Faraday dark space, and the 
head of the positive column are fixed with reference 
to the cathode. Thus, for example, if the anode is 
moved, these positions do not change, whereas, if 
the cathode is moved, these boundaries move with 
it. As the distance between anode and cathode de- 
creases, the anode may reach the head of the posi- 
tive column so that the positive column disappears. 
Ina similar way, the anode can be moved through the 
Faraday dark space and even into the cathode dark 
space. If the pressure is lowered, these distances 
from the cathode all increase approximately inversely 
proportional to the pressure. Thus, with fixed dis- 
tances between the electrodes, on lowering the pres- 
sure, the cathode dark space expands until it reaches 
the anode.”’ 

The potential distribution in such a discharge in 
nitrogen has been measured by C. G. Found*! using 
the method of exploring electrodes as developed by 
I. Langmuir and H. Mott-Smith*® and is shown in 
the upper part of Fig. 8. The tube diameter was 
6 cm, the nitrogen pressure 0.5 mm, and the current 
5 ma. The high voltage drop at the cathode is 
characteristic of such discharges with cold cathodes 
and varies from 300 or 400 volts down to as low as 
60 according to the nature of the gas and composition 
of the cathode. There is a slight gradient in the 
Faraday dark space, but under certain conditions 
this may become zero or even negative. Through- 
out the positive column there is a practically constant 
positive gradient which we shall designate by X, so 
that the power input per unit length is given by 


W = Xi (22) 


where 7 is the discharge current. 

“The drop at the anode may be positive, zero, or 
negative, depending upon the dimensions of the 
anode and the current density. However, it is al- 
ways small and of the order of only a few volts.’’*} 
As will be observed from Fig. 8 a considerable frac- 
tion of the total voltage drop between the electrodes 
occurs at the cathode. If we denote this cathode fall 
by V,, the power V2 is evidently not available for 
the production of light. K.T. Compton and P. M. 
Morse*® have developed a theory in explanation of 
this cathode fall by assuming that the drop is utilized 
in accelerating positive ions which liberate electrons 
from the cathode by a process of bombardment. 
Furthermore, the electrons thus emitted acquire suffi- 
cient energy near the cathode to ionize atoms and 
thus provide the ions needed for bombardment. The 
number of ionizing collisions made in this manner by 
an electron in passing through the cathode fall region 
is of the order of V,/V,, that is, usually of the order 
of 10. According to the theory of Compton and 
Morse, practically all the current at the surface of the 
cathode is carried by positive ions. 


35. G.E. Rev., v. 27, 1924, p. 449, 538, 616, 762, 810. 
36. Phys. Rev., v. 30, 1927, p. 305. 
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The fact that the gradient in the positive column 
is constant leads to the conclusion that the total 
charge density in this region is zero, that is, the con- 
centration of electrons (”,) must be equal, or approxi- 
mately so, to that of positive ions (w,). That the 
light produced in the column is all due to excitation 
and not to recombination of ions and electrons is 
concluded not only on the basis of measurements of 
electron velocities, as discussed below, but also from 
the fact that ‘“‘Electron and ion concentrations are 
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Fig. 8. Distribution of potential in positive column 
discharge in nitrogen (Found and Forney) 


each of the order of 100 times larger in the negative 
glow than in the positive column, and their velocities 
are lower. If light in both regions were due to re- 
combination, it should be (100)? times more intense 
in the negative glow because of greater concentra- 
tions, and still more than this because of lower veloci- 
ties which favor recombination. Thus, certainly, 
recombination plays a negligible réle in the produc- 
tion of light in the positive column.’’’ 

Evidence for this point of view is also furnished 
by the observations on the light emission from a 
negative glow lamp. This may be defined as a Geiss- 
ler discharge in which the positive column has been 
completely eliminated, that is, a discharge consisting 
only of a cathode fall region. The light from this 
source is practically all due to recombination and is 
obviously quite low in intensity. 


ADVANTAGES OF HoT CATHODES IN GAS DISCHARGES 


The disadvantages in the use of cold cathodes 
have been presented by Found and Forney* in the 
following remarks. 

“In a tube with cold cathode, the positive ions 
strike the cathode with a high velocity due to the 
high cathode drop, and cause a mechanical disinte- 
gration of the cathode. The cathodic sputtering 
causes a blackening of the tube walls. Another re- 
37. K. T. Compton and I. Langmuir, Rev. of Modern Physics, v. 2, 1930, p. 


123. 
38. A.I.E.E. TRAns., v. 47, 1928, p. 747-52. 
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sult of the high cathode drop is a clean-up of the gas, 
causing the ‘resistance’ of the tube to increase as the 
tube is operated. Also, there is a large consumption 
of energy at the cathode which yields no light and 
greatly decreases the efficiency. To avoid this large 
energy loss and consequent heating effect, and in 
order to decrease the amount of sputtering, the cur- 
rent density at the cathode of a Geissler tube has 
usually been chosen at about 10 ma per square centi- 
meter. 


“Thus we may summarize the effects of the high 
cathode drop as follows. 


“1. It is impossible to construct a low voltage tube. 


“2. In order to have good light efficiency, it is necessary to make 
long tubes in which the ratio of cathode drop to total voltage is de- 
creased. 


“3. There is a ‘clean up’ or disappearance of the gas. This may oc- 
cur from other causes also, but is certainly increased due to the 
high cathode drop. 


“4 Blackening of the tube is caused by cathodic sputtering, and in 
order to keep this low, there is a limit to the current density at the 
electrodes.”’ 


If the cold cathode is replaced by a hot cathode 
capable of emitting electrons in sufficient numbers to 
supply the discharge current, the cathode drop J, is 
reduced to a value which is only slightly in excess of 
the ionizing potential of the gas and which, in conse- 
quence of cumulative ionization, may be as low as the 
resonance potential. Since V; has the highest value, 
24.5 volts for helium, V, need never exceed 25 volts. 
As mentioned in Part I, the probability of ioniza- 
tion is given by eq 10 and in this case the resulting 
form is 


P; 3 C(V. — Vi) (23) 


As a result, it is possible to obtain a sufficient den- 
sity of ions near the cathode to permit the desired 
arc current to pass without the necessity of increas- 
ing V, to any considerable extent. C.G. Found has 
shown in a recent paper*® that the possibility of draw- 
ing large electron currents from a hot cathode in an 
arc is due to the production of a field at the cathode 
by the positive ions. This field emission may be as 
much as 10 times the zero-field emission and evi- 
dently increases with V,. No sputtering occurs if, 
as has been shown by A. W. Hull,*° V, is maintained 
below a critical value which varies with both the 
nature of the cathode and the composition of the 
gas. For thoriated tungsten this “disintegration 
voltage’ is about 27 with neon ions and 17 volts 
with mercury ions, and with all types of cathodes this 
voltage is always sufficiently above V; to secure a 
practical operating range.*} 

A number of constructions of thermionic cathodes 
for use in gas discharges have been described by Hull 
and other investigators.*? Besides the filamentary 
type, inside coated cathodes with barium oxide- 
strontium oxide as active material are used to secure 
high efficiency of electron emission, and shields are 
often added to reduce heat losses. It is thus possible 
to operate oxide coated cathodes in gas discharges 


39. Phys. Rev., v. 45, 1934, p. 526. 

40. A.J.E.E. Trans., v. 47, 1928, p. 753. 

41. A.W. Hull, G.E. Rev., v. 32, 1929, p. 213. 

42. L. J. Buttolph, Ill. Engg. Soc. Trans., v. 28, 1933, p. 153. 
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at emission efficiencies which are considerably greater 
than those obtained in vacuum devices. 

Since in the following discussion only discharge 
tubes in which hot cathodes are used will be consid- 
ered, the classification of these tubes suggested by 
C. G. Found*’ will be adopted. He classifies them 
according to the geometry of the containing vessel 
into 2 types: (1) cathodic, (2) positive column; and 
defines these as follows: 


“A cathodic discharge is defined as one which is more or less bulbular 
in shape and in which the distance between cathode and anode is 
comparable to the smallest dimension of the bulb. 


“A positive column is an elongated tube in which the distaace be- 
tween cathode and anode is several times the diameter.” 


In general, it may be stated that a cathodic type of 
discharge operates with a voltage drop which is ap- 
proximately equal to V; and may be as low as V, 
(owing to successive impacts). A tungar rectifier 
is an example of such a discharge, and the more 
recently developed .d-c low-voltage sodium lamp is 
another example. Such an arc may be started on a 
comparatively low voltage circuit (less than 110 
volts) without any auxiliary voltage ‘“‘kick.”’ 

In a positive column discharge the total voltage 
drop usually exceeds V; for the gas and while the 
discharge tube may be designed to operate on less 
than 110 volts, a starting kick or some equivalent 
device, such as auxiliary electrodes, is necessary. 
This initial high voltage is needed to overcome the 
negative charge on the walls which tends to prevent 
the flow of electrons. The low-pressure mercury 
vapor lamp with mercury cathode, and the hot-cath- 
ode high-current neon tubes are examples of this 
type of discharge. The high lumen output a-c so- 
dium lamp developed recently for use on 6.6-amp 
constant current circuits***® is another example. 
The main distinction between the 2 forms of dis- 
charge is in the fact that in the cathodic type all of 
the energy from the external source of supply is con- 
verted into kinetic energy of electrons at the cathode, 
and, consequently, there is no voltage gradient out- 
side the region of the cathode fall, as in a positive 
column. In the latter, there is in addition to the 
cathode fall V,, a drop in the rest of the tube which 
varies with the length, other conditions remaining 
constant. 


CATHODE Drop 


Consideration will next be given to what occurs in 
a cathodic type of discharge when a voltage is applied 
between the electrodes. The electrons emitted from 
the cathode produce ions either directly or by cumu- 
lative ionization and this permits more electrons to 
flow, thus altering the potential distribution between 
the electrodes until finally a stationary condition is 
attained in which the whole fall of potential is con- 
centrated in a thin sheath close to the cathode. 
The rest of the space between the electrodes is field- 
free and is known as the plasma. 

It has been shown by Langmuir*® that if the arc 
43. G.E. Rev., v. 37, 1934, p. 269-77. 
44. G.R. Fonda, G.E. Rev., v. 37, 1934, p. 331-7. 


45. WN. T. Gordon, G.E. Rev., v. 37, 1934, p. 338-41. 
46. Phys. Rev., v. 33, 1929, p. 954. 
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current is less than the thermionic emission from the 
cathode for zero field, then the sheath is actually a 
double sheath consisting of an electron space charge 
next to the cathode and a positive ion space charge 
next to the plasma. Under these conditions the ratio 
between electron current density J, and positive ion 
current density J, at the cathode is given by 


y = 1./Ip = V my/me 


where m, and m, denote the mass of electron and 
positive ion, respectively. (Table VI shows values 
of y for different gases.) The voltage gradient is 
zero at both the cathode surface and the edge of the 
plasma (the writer has followed in this discussion 
the remarks of C. G. Found*®**) and the relation 
between J, (or J,), sheath thickness d, and cathode 
fall V,, is given by a space charge equation. Calcu- 
lation shows that for current densities, such as are 
used in practical lamps, the value of d is of the 
order of 0.01 cm, which, at one millimeter pressure, 
is considerably less than the mean free path of an 
electron, so that most of the electrons that are accele- 
rated in the cathode sheath retain their energy when 
they enter the plasma. As they drift through the 
plasma to the anode, this energy is used up in excita- 
tion and ionization of atoms of the gas with which 
they collide (in the manner described in Part I). 

In the plasma, the number of ions generated per 
second by the electron current J,, is given by the re- 
lation derived from eq 23. 


(24) 


Beye C(V, = Va) 


The fraction f of the ions formed, which flows to 
the cathode, constitutes the positive ion current den- 
Sityel...) Inerelore 


Iles = po (Cale aA V3) 


Since f is determined by the geometry of the bulb and 
electrodes and by the extent of the region of genera- 
tion of positive ions (which changes only slightly 
with current density) V, can be altered only by vary- 
ing y. Under the conditions specified above, that 
is, with the arc current less than the zero-field emis- 
sion from the cathode, y is determined by the nature 
of the gas, and, therefore, V, — V; has a definite 
value which may be calculated from the known values 
of C and y and an experimental determination of f 
for the particular design of discharge tube used. 

In those discharges in which cumulative ionization 
occurs, V, is replaced by V,,, the excitation potential 
of the metastable states, and in this case also V, — V,, 
may be calculated by means of eq 26, using the cor- 
responding value of C. 

Now it may be deduced very readily that the light 
production will depend upon the value of V, — J; 
(or V, — V,,). If this is found to be considerably 
less than 2 volts, it is evident that the electrons which 
have left the cathode sheath and produced an ion or 
metastable state by collision with an atom, will not 
have sufficient energy to excite atoms to such levels 
as will give rise to visible light, since this latter 
process requires that the electrons shall have a ki- 
netic energy between 2 and 3 volts. Consequently, 
with too low a value of V,, the light output will be 
very low. That is, in order to obtain high light 


(25) 


(26) 
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output from a cathodic type of discharge, V, — V, 
(or V, — V,,) must be of the order of 2.5 volts. 
Now such a result may be secured by decreasing the 
pressure, which decreases C, but obviously this in- 
volves fewer collisions and therefore low light out- 
put. Hence, to secure high light output, it is neces- 
sary to decrease the value of the ratio y = J,/I,, 
that is, to increase the positive ion current to the 
cathode. This is accomplished by having the arc 
current exceed the zero field emission, since the 
excess current is then obtained by the action of the 
field established at the cathode by the positive ions. 
It is therefore evident from these considerations that 
in a cathodic type of discharge, the efficiency of light 
production is determined by the relation between 
arc current and zero-field emissivity of the cathode. 
This conclusion will be illustrated in a subsequent 
section by a consideration of the light producing 
processes in a discharge in neon and sodium. 


PRIMARY, SECONDARY, AND ULTIMATE 
ELECTRONS.*”? ELECTRON TEMPERATURE 


Since, as has been mentioned already, there is only 
a slight probability of a collision between an electron 
and a gas atom in the sheath, practically all the 
electrons leave the sheath with the energy YV,. 
These primary electrons may then ionize a gas atom, 
and the energy V, — V;is then distributed between 
the original electron and the electron liberated from 
the atom, which together constitute the class known 
as secondary electrons. These secondary electrons 
may have sufficient energy to cause one or more ex- 
citations, and when their energy is reduced to such an 
extent that most of them can suffer only elastic col- 
lisions they are known as ulivmate electrons. Owing 
to their low velocity as compared with both pri- 
maries and secondaries they constitute the largest 
fraction of the electrons in the plasma. 

The ultimate electrons at any point in the plasma 
possess a Maxwellian distribution of energies which is 
defined in terms of an “electron temperature,” T,, 
and the Maxwell Boltzmann equation 


n= nee VelkTe 


(27) 


In this equation , is the concentration of electrons 

per unit volume in the plasma, and n/n, is that frac- 

tion of the electrons which have an energy in excess 

of V volts. Since e/k = 11,600 deg K per volt, we 

can write the last equation in the form 
11,600V 


N= Ne, Te (28) 


The average energy of the electrons corresponding 
to the temperature T, is 


1 3 
= 2—= 
™ ev 9 kT. 


2 (29) 


Since the electrons move in the plasma in random 
directions, the random electron current density, that 
is, the number of electrons crossing unit area per unit 
time in any given direction is 


1 
1s = ne (#7 
27m. 


= 2.48 X 10-14n,./T, amp/cm? (30) 
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By measuring the current to a fine wire (or small 
disk) inserted in the plasma, as a function of the 
potential of the probe, it is possible to determine 
both J, and 7,, as has been shown by I. Langmuir 
and H. Mott-Smith.***® In a cathodic type of dis- 
charge, such as that in neon at one millimeter pres- 
sure, 7, for the ultimate electrons is about 5,500 
deg K, that is, about 0.5 volt. Of these electrons, 
the fraction capable of exciting a sodium atom (2.10 
volts) as calculated from the Boltzmann equation 
(eq 28) is e—*-4 approximately, or about 0.012. 

The positive ions in the plasma do not have a Max- 
wellian distribution since their motion is governed by 
the electric fields resulting from the variation in 
electron concentration in different regions of the 
plasma. As L. Tonks and I. Langmuir have 
stated,°° the positive ions “are supposed to have 
negligible velocity when formed and to acquire only 
such velocities as correspond to the electric fields 
through which they pass. In the case of long mean 
free paths (low gas pressures) each ion will thus fall 
freely under the influence of the small plasma fields 
set up by the electrons and ions themselves until it 
strikes the tube wall or an electrode. For short free 
paths (higher gas pressures) the ion will be impeded 
in its motion by collision with atoms but still will be 
guided mainly by the electric field in which it finds 
itself.” 

In their earlier papers, Langmuir and Mott-Smith 
stated that the motions of the ions may be described 
roughly as corresponding to a temperature 7, = 
T,/2. However, this description applied only to 
the measurements made with probes in positive col- 
umn discharges, and cannot be valid for the ions ina 
cathodic discharge. Infact, as Tonks and Langmuir 
point out in their more recent paper,”® “It seems en- 
tirely unreasonable that the ion energy should even 
approach the electron energy in view of the fact that 
it is the electrons primarily which supply energy to 
the rest of the plasma and the positive ions with their 
large relative mass and frequent impact with slow 
atoms are not adapted to acquiring large random 
kinetic energies.” 

If the positive ions had a true Maxwellian distri- 
bution corresponding to 7,, the ratio of electron cur- 
rent density J, to positive ion current density J, 
would be given by the relation 


Te) lip =" N/ tip/ Me 


which has been given in a previous section for the ra- 
tio of currents in the double sheath at a thermionic 
cathode. Actual observations in positive column 
discharges have led to the relation 


Ie/Ip = ~/m,/2me 


which may be derived on the basis of theoretical con- 
siderations. Table VI gives values of Vm,/m, 
and Vm,/2m, for various gases which correspond to 
the values of J,/I, derived by means of eqs 31 and 32. 
While it is certain that a similar relation cannot ap- 
ply to cathodic discharges, it is evident that in this 
22 Se a ee 


(31) 


(32) 


47, I. Langmuir and H. A. Jones, Phys. Rev., v. 31, 1928, p. 357. 
48. G.E. Rev., v. 27, 1924, p. 449, 538, 616, 762, 810. 

49. I. Langmuir, Frank. Inst. Jl., v. 214, 1932, p. 275. 

50. Phys. Rev., v. 34, 1929, p. 876. 
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case also, the random electron current density di- 
rected toward the walls at any point must be con- 
siderably greater than the positive ion current den- 
sity. 


SHEATHS ON WALLS 


The fact that the random current densities in the 
plasma are so different leads to the formation of 
sheaths on the walls and other insulated surfaces. 
As pointed out by Langmuir,*! “If the glass walls of 
a tube containing a plasma were at the same poten- 
tial as the plasma itself, the current relationship 
given by eq 32 shows that the walls would receive 
electron currents hundreds of times greater than cor- 
respond to the positive ions that reach the walls. 


Table VI—Mass Relations for Various Gases 


Gas V/ mp/me V mp/2me 
Helium (He) 85.6 60.5 
Neon (Ne) 192.5 136.1 
Argon (A) 270.5 191.3 
Sodium (Na) 205.3 145.2 
Mercury (Hg) 605.6 428.3 


Actually, in a steady state, the number of negative 
and positive charges which reach an insulated wall 
must be equal. To render these currents equal, the 
walls must therefore become so highly negatively 
charged that they force nearly all the electrons back 
into the plasma. The walls thus become covered 
with a positive ion sheath. The potential drop in 
this sheath can be calculated by means of the Boltz- 
mann equation (eq 28). Since the electron tempera- 
ture is uniform throughout the plasma, the current 
density J,, which moves against the retarding field in 
the sheath is proportional to the electron concentra- 
tion m and thus eq 28 may be written 


Ty = Ie7¥e/#7 6 (33a) 


where J, = random current density in plasma.”’ 
In terms of ordinary logarithms, this equation be- 
comes 


2.30 log (Ie/Iw) = (33b) 


11,600V, 

TES, 
where V, denotes the negative potential to which the 
walls are charged (that is, the voltage drop in the 
wall sheath). 

The values of J, and J, may be determined experi- 
mentally by means of probe measurements, thus 
making it possible to calculate V,. For instance, in 
a cathodic discharge in neon at one millimeter, 
if we substitute the value T, = 5,500 deg K for the 
ultimate electrons, and assume that J, = J,/136, it 
follows that V, = 2.33 volts. 


RELATION BETWEEN LIGHT OUTPUT AND 
CURRENT IN CATHODIC DISCHARGE LAMPS 


In a cathodic discharge the light produced is the 
result of collisions between atoms in the normal or 


51. Franklin Institute Jl., v. 214, 1932, p. 275. 
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. ergy equivalent to about 6 volts. 


excited states with electrons which have acquired 
their energy in the cathode fall sheath. The extent 
of the light region is thus governed by the distances 
which the electrons traverse before their energy has 
decreased to such a value that they have become 
ultimate electrons. It is therefore a function of both 
gas pressure and magnitude of cathode fall V.. 
As has been emphasized already, the function of the 
ions is merely to eliminate the negative space charge 
that would limit the arc current to a low value if 
electrons only were present. In consequence, the 
voltage drop in the arc adjusts itself to such a value 
for any given arc current that both a sufficiently 
strong field will exist at the cathode to provide the 
necessary electron emission and the electrons will 
have sufficient energy to produce the ionization re- 
quired by the electron current in accordance with 
eq 26 and eq 24. 

The relation between current and light output va- 
ries according to the nature of the processes involved 
in the production of the light, which, in turn, differ 
with both the composition of the gas and the magni- 
tude of the cathode fall V,. 

Consider first a discharge in a vapor, such as that 

of sodium, in which the light emitted is mainly reso- 
nance radiation. If the vapor pressure is fairly 
high (0.01 mm or higher) and the current density 
not too great, V, will exceed V; by about one volt, 
and therefore the primary electrons will have an en- 
Since, as has been 
mentioned previously, P; increases linearly with V, 
while P, for excitation of sodium atoms to the 3P 
state passes through a maximum at about 2.5 volts 
(see curve in Fig. 2) and decreases slightly for larger 
values of V, it depends upon the exact value of V, 
as to which process will occur more frequently. 
Both ions and excited atoms in the 3P state will be 
produced, and the primary electrons will lose 5.1 
volts in the first process and 2.5 in the second. The 
secondary electrons which have 0.9-volts residual 
energy are obviously unable to produce any further 
excitation and will therefore be ultimate electrons, 
while the electrons with 3.5-volts residual energy 
will be able to cause one further excitation before 
becoming ultimate electrons. However, as the con- 
centration of excited atoms increases, more radiation 
of the D-lines is emitted and this is reabsorbed by 
normal atoms with the resulting phenomenon which 
has been designated in a previous section as “‘imprison- 
‘ment of radiation.” As a result the number of 
sodium atoms capable of being excited and ionized 
decreases and the light output reaches a saturation. 
‘Hence, it can be expected that the light output 
‘will increase linearly with currents for small values 
of the latter, but will tend to reach a constant value 
for higher currents. 

If the pressure of sodium is low, the value of P; 
is decreased and V, must increase to 8 or 9 volts in 
order to obtain sufficient ionization. This is a direct 
consequence of eq 27. Under these conditions, a 
primary electron will still retain 2.5 volts after an 
ionizing collision and will thus be able to excite a 
‘sodium atom. In other words, all the electrons leav- 
ing the cathode sheath contribute toward the pro- 
duction of D-line radiation. Hence, while the in- 
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‘sists in the gas for very long periods. 


tensity of this radiation increases linearly with 
current, as before, the efficiency of light production is 
much greater at the lower pressures. Also at higher 
currents, saturation phenomena occur as in the vapor 
at higher pressures. 

As a matter of fact, a lamp utilizing a discharge in 
sodium vapor alone is possible only if some other 
source of energy is supplied for evaporating the so- 
dium. Therefore, neon or argon at one millimeter 
pressure, or higher, is used in sodium vapor lamps 
to function as starting gas, and for the first few 
minutes (until the vapor pressure of sodium increases 
to about 0.0005 mm) the spectrum of the light 
emitted is characteristic of the rare gas. Further- 
more, even when the D-line radiation becomes pre- 
dominant, and until the pressure of sodium becomes 
much higher (of the order of 0.002 mm), the spectral 
lines of neon or argon are also emitted and the elec- 
trical characteristics of the discharge are practically 
the same as those in the rare gas alone. 

In the case of neon at one millimeter pressure, the 
value of V,, as observed by probe measurements, is 
about 18 or 19 volts under usual operating conditions 
and it is only when the vapor pressure of sodium 
increases to values above about 0.002 mm that V, 
decreases to about 8 or 10 volts and at the same time 
the neon or argon lines disappear completely. Since 
the maximum light output is obtained with the higher 
values of V,, it is important to consider more fully 
the nature of the light producing processes in a ca- 
thodic type of discharge in neon at about 1 to 5 mm 
pressure, in the absence of sodium. 

Owing to the fact that V, in such a discharge is 
less than V;, the primary electrons are unable to 
cause ionization by direct impact, and, as a result, 
the neon atoms are excited to the lower resonance 
and metastable levels (the 4 s-states indicated in 
Fig. 5 at 16.53 to 16.77 volts). The resonance ra- 
diation emitted by the states s, and sy is very strongly 
absorbed by normal neon atoms, and therefore per- 
The meta- 
stable states 5; and s;, because of their long life, 
accumulate in concentration and may therefore be 
excited to the p-states by further impact from the 
secondary electrons which have retained (19 — 16.5 
=) 2.5 volts and higher values of kinetic energy. 

An electron accelerated by the cathode fall may 
collide with a metastable neon atom directly and 
ionize it. The probability of this process is much 
greater than that of direct excitation to a p-level. 
Since the energy required for ionization of a meta- 
stable neon atom is 21.5 — 16.5 = 5 volts, the 
secondary electron which results from the impact 
of a primary electron on a metastable neon atom 
with the formation of an ion, still retains 19 — 5 = 
14 volts kinetic energy. It is therefore capable of 
ionizing 2 metastable atoms by subsequent collisions. 
Thus the ionization produced in a neon discharge 
must be of the cumulative type, and measurements 
with probes at different distances from the cathode, 
of the electron temperatures, have shown that this 
representation of the phenomena in such a discharge 
is essentially correct. 

From this point of view, a discharge in neon at 
one millimeter pressure may be regarded as a dis- 
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charge with a cathode drop of 18 or 19 volts in a gas 
which has an ionization potential of 5 volts and a 
first excitation potential of about 2 volts, and it is 
possible to derive an approximate relation between 
light output and arc current, as follows: 

At any current, the rate of excitation of metastable 
atoms to higher levels by electron impact and the 
rate of destruction by diffusion to the walls must 
be equal to the rate at which metastable atoms are 
formed by primary electrons. If J denotes the 
current, and 7, the concentration of metastable 
atoms, it readily follows that at equilibrium, 


Mri AL 


where A is a constant involving probabilities of ex- 
citation. 

The light emitted (L) by any line of frequency »,, 
is given, in accordance with the considerations pre- 
sented previously, by a relation of the form 


Lim = Nk: lem T km (34) 


where 7, is the concentration of atoms in state k, and 
m is the metastable state to which the light-emitting 
transition occurs. 

But as a first approximation, 


ne = BInn 


since the atoms in state k are produced by excitation 
of metastable atoms. Consequently, to a first ap- 
proximation 


Lim = CI? (35) 


That is, when cumulative ionization occurs, the 
light output increases with current more rapidly 
than when such a process does not occur. However, 
other processes occur by which the light output is 
decreased, so that eq 35 can be considered as valid 
only at very small current values. Thus, the ex- 
cited atoms in the p-levels are destroyed by col- 
lisions with electrons of low kinetic energy (collisions 
of the second kind), and by collisions with the walls; 
also the rate of ionization of metastable atoms in- 
creases with the current because of increased value of 
V,, so that the relative number which may be ex- 
cited to p-states does not increase as rapidly. Asa 
result the light output tends to reach a saturation 
value in this case also. 

The mode of light production in neon at 1-5-mm 
pressure which contains about 0.001-mm pressure 
of sodium vapor may now be considered. As has 
been pointed out by Found,** “Since the pressure 
of neon is several thousand times that of sodium, it is 
extremely improbable that a sodium atom will be 
excited or ionized by a primary electron before the 
latter has lost energy to a neon atom. On the 
other hand, the secondary electrons are unable to 
cause any excitation of neon, and although they may 
have collided several thousand times with neon at- 
oms before striking a sodium atom, they will still be 
able to excite the latter. Thus in a cathodic sodium 
lamp the generation of light is produced mainly by 
the secondary electrons and the light output deter- 
mined by the number and energy of these electrons.” 
The maximum light output will be obtained with 
secondary electrons of kinetic energy equivalent to 
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2.5 volts. Therefore, in a neon-sodium lamp, the 
light output is greatest when V, is slightly greater 
than 16.5 + 2.5 = 19 volts. These considerations 
thus illustrate the conclusion stated in a previous 
section that the thermionic characteristics of the 
cathode are of great importance in determining the 
light output and efficiency of a cathodic discharge 
lamp. 

The relation between light output and current in a 
cathodic neon-sodium lamp at constant wattage in- 
put (to maintain constant vapor pressure of sodium) 
is linear over a large range of currents, as has been 
shown by Found.?® It has been found that in this 
range the light obtained is 1,000 lumens per ampere. 
“This corresponds to the generation of one light 
quantum per primary electron. When the discharge 
is all sodium, the linear portion of the curve (lumens 
versus current) corresponds to only about 500 lumens 
per ampere.” 


REVERSE FIELD IN LOW VOLTAGE ARCS 


(A more complete presentation of this topic is 
given by K. K. Darrow.*) 

From the considerations in the previous sections it 
might be concluded that the minimum voltage drop 
between anode and cathode for the operation of a 
cathodic discharge should correspond to the reso- 
nance potential V,, since obviously V, cannot be 
less than this value. However, it is a fact often ob- 
served with this type of discharge that the voltage 
drop between the electrodes may be considerably 
lower than V,. For instance, a cathodic discharge 
in neon at one millimeter pressure may be obtained 
with an arc drop of 12 to 14 volts (whereas V, = 
16.5 volts); and similar observations have been made 
with arcs in argon, helium, mercury, and sodium. 


Fig. 9. Distribu- 
tion of potential, 
electron tempera- 
ture, and elec- ; 
rH 
tron ; concentra imm & 
tion in low volt- rEament [0 | 
age arc in argon | ' ) 
V 106 97 9.7 70 6.2 
-4 
10 Te 260325 302 255 178 
-/2 
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The explanation of this phenomenon was first 
obtained by K. T. Compton and C. Eckart®* as a 
result of observations with a probe which could be in- 
serted at different points between a hot cathode and 
anode in argon at a few millimeters pressure. In 
Fig. 9 is shown a typical set of data obtained for 


52. ‘‘Electrical Phenomena in Gases,’’ K. K. Darrow, p. 383-86. 
53. Phys. Rev., v. 25, 1925, p. 1389. 
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T., n,and V, the potential shown being with respect 
to the cathode at the points in the plasma indicated 
by arrows. The scale of distance is given by the 
short line marked one millimeter; the observed arc 
drop was 5.2 volts and the are current 0.45 amp. 
The value of V, for argon is 11.5 volts, and while 
this set of data shows a maximum potential of 10.6 
volts behind the cathode; other data give values of 
this maximum as high as 11.6, thus showing that V, 
is actually about 11.5 volts, as expected, but that 
there is a reverse field between cathode and anode 
of about 6 volts, so that the actually observed arc 
drop is only 5.2 volts. 

“The apparent difficulty,’ Compton and Eckart 
remark, ‘‘which arises from the fact that the electron 
current (which is practically the entire arc current) 
flows against an opposing field, disappears on con- 
sideration of the concentration gradient of electrons 
which is shown by the graph. It is obvious from 
general considerations based upon ionic and elec- 
tronic mobilities, that this concentration gradient is 
the equivalent of an electromotive force. J. J. 
Thomson has called attention®‘ to this force which is 
given by 

pal ve M 
fi ae (Pine kT log M, 

where F is the potential difference set up between 2 
regions of ion concentrations NV, and No, p— and py 
are the mobilities of electrons and positive ions, and 
(3/2)kT is the average kinetic energy of the ions. 
(It is assumed that this is the same for electrons and 
positive ions. If this is not true, the equation is more 
complicated, but the underlying features are similar.) 

“Usually this force has been considered as negli- 
gible in comparison with that due to the applied 
electric field. Under suitable conditions, however, 
it may become of primary importance. The favor- 
able conditions are a long free path for the electrons 
and a high concentration gradient. The first of 
these conditions is realized to an unusual degree in 
argon and probably accounts in the case of this gas 
for the persistence of the nonoscillatory low voltage 
arc and the unusually large reverse field in the gas. 
In helium the authors have observed it only occa- 
sionally, and in mercury vapor it is also less clearly 
defined than in argon. In these gases the maximum 
observed reverse field was 3 or 4 volts. Measure- 
ments in mercury showed concentration gradients 
similar to those reported here for argon.”’ 

Similar observations on the existence of maxima 
for V and u, in cathodic discharges in neon have 
been made by M. J. Druyvesteyn.*® He found that 
while V, was as high as 19 volts, the arc drop was as 
low as 13 volts, which is in agreement with observa- 
tions made in this laboratory on the d-c neon and 
sodium lamp.*® In this case the maximum value 
of n, was 2.4 X 101", and T, decreased from about 
30,900 near the cathode to about 11,500 at the anode. 

These observations are thus in agreement with the 
views expressed in the previous section regarding 
cumulative ionization, and the gradual loss of energy 
by secondary electrons in excitation of metastable 
neon atoms. 


E= 


54. ‘Conduction of Electricity through Gases,’’ J. J. Thomson, p. 85 (1906). 
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VOLTAGE GRADIENT, ELECTRON TEMPERATURES 
AND CONCENTRATIONS IN POSITIVE COLUMN 


In a cathodic type of discharge, the electrons ac- 
quire a high kinetic energy in the cathode sheath and 
then lose this energy in excitation and ionization of 
atoms. Thus the kinetic energy decreases with in- 
crease in distance from cathode and finally when the 
electrons have reached the stage in which their ki- 
netic energy is no longer adequate for excitation 
(ultimate electrons) the light generation also dis- 
appears. . 

The fact that the light generation is uniform 
throughout the length of the positive column shows 
that the electrons must acquire energy for excitation 
and ionization from some other source than the 
cathode fall. This energy is supplied, obviously, 
by the energy input into the column, that is, X7, 
watts per unit length, where X is the voltage gradient 
and 7, the arc current. The magnitude of X varies 
with current density and pressure of gas, as illus- 
trated by the data in Table VII given by C. G. Found 
and J. D. Forney for a discharge in neon in a tube 
2.55 cm diameter. It will be observed that the 
gradient exhibits a flat minimum between 2 and 
5mm; also that it decreases with increase in current, 
so that the positive column has a ‘“‘negative’’ resist- 
ance. 

According to the theoretical considerations de- 
veloped by W. Schottky,®*® the gradient in a positive 
column discharge should vary approximately in- 
versely as tube diameter, when current and pressure 
of gas are maintained constant. The larger the 
diameter, the smaller the relative loss of ions and elec- 
trons by diffusion to the walls, and hence the smaller 
the energy input to compensate for this loss of 
charged particles. The values of X observed by 
Found and Forney for different diameters were found 
to be in satisfactory agreement with Schottky’s con- 
clusion. . 

According to A. Guntherschulze,*” the observed 
gradients in monatomic gases may be represented as 
a function of the diameter d; by an empirical equa- 
tion of the form 


* Gd) 


where c and a are constants, and J is the arc current. 
In a more recent paper by W. Elenbaas** it has been 
found that the gradient in mercury vapor at different 
pressures is a function of d and J of the form 


(36) 


Cc 
X= are 
where a and 5 are exponents which vary with the 
pressure of the gas. At 100 deg C (vapor pressure 
of 0.276 mm) these constants have the values a = 
0.69 and 6 = 0.12. Hence Schottky’s conclusion 
can be regarded as only approximately valid. 

Owing to the fact that the gradient in the column 
is constant, the net charge density must be prac- 
55. Zeit. f. Phys., v. 64, 1930, p. 781. 

56. Physikal. Zs., v. 25, 1924, p. 342, 635. 


57. Zs. f. Phys., v. 41, 1927, p. 718; v. 42, 1927, p. 763. 
58. Zs. f. Phys., v. 78, 1932, p. 603. 
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tically zero, as has been mentioned previously. 
Thus there must be some mechanism by which ions 
may be produced by impact of electrons on atoms, 
and the only method available is the impact of high- 
speed ultimate electrons. While the average kinetic 
energy of these electrons is much too low for ioniza- 
tion, and may even be too low for excitation, it 


Table Vil—Variation in Voltage Gradient in Neon With 


Pressure and Current 


».4 
volts/cm 
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should be observed that these electrons possess a 
Maxwellian distribution of energy corresponding to 
a temperature, 7., and therefore have an average 


kinetic energy of SkT. At any given temperature, 


the number of electrons per unit volume n capable 
of causing ionization is given, in accordance with 
eqs 27 and 28 by the relation 


Ae e-Vie/kT eo = ¢-11,600 Vi/T 

oy 

where 7, is the total concentration per unit volume. 
Thus for a value of 7, = 40,600 (equivalent to 3.5 
volts), which has been observed for a positive col- 
min rdischargefin “neon, V,e/k2, = 21.5/3.5 = 
6.15; n/n, = 0.0021, while for V = 16.5 volts (the 
excitation energy for metastable atoms), the corre- 
sponding value of n/n, = 0.009. At any given elec- 
tron temperature there is therefore present a small 
concentration of electrons. capable of either excita- 
tion or ionization. The energy lost by these high- 
speed electrons through the processes of excitation 
and ionization is supplied by the energy input X7,, 
and in this manner the Maxwellian distribution of 
energy among the electrons is maintained. The 
problem of a mechanism for this transfer of energy 
thas been investigated by I. Langmuir®? who con- 
cludes that probably there is an interaction of radia- 
tion with excited atoms and electrons. 

From these considerations, it follows that the elec- 
tron temperature is the most important factor in 
maintaining the ionization and excitation in the 
positive column. This is shown by the manner in 
‘which T,, the electron temperature, varies with con- 
ditions in the discharge. The data in Table VIII, 
taken from the paper by T. J. Killian®? show the 
variation in 7, and in electron concentration with 
pressure of mercury vapor. These values were ob- 
served at an arc current of 5.0 amp in a tube of di- 
ameter 6.2 cm. 


59. Phys. Rev., v. 26, 1925, p. 609. 
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The table gives values of X, N,, the total number of 
electrons per centimeter length of column, and /,, 
the positive ion current density to the walls. It will 
be observed that X and 7, decrease with increase in 
pressure. From other observations it has been found 
that 7, in a mercury vapor discharge exhibits a 
tendency to decrease somewhat with increase in arc 


Table Vill—Variation in Electron Characteristics With Tem- 


perature 
Pressure in mm X (volts/cm) Te Ne Ip(ma/cm?) 
0.00020 0.0932 38,000 11.1 X 101 0.356 
0.00103 0.196 27,500 21.8 X 101 0.45 
0.00533 0.311 19,900 45.7 X 10U 0.505 
current. The data also indicate that N, and J, 


increase with increase in pressure. Since the tube 
cross section was 30.2 sq cm, the average values of ,, 
the concentration per cubic centimeter, varied from 
3.7 X 10! to 15.2 &K 10! However, as deduced 
from theoretical concentrations by L. Tonks and I. 
Langmuir,®! and confirmed by Killian’s measure- 
ments, the concentration is a maximum along the 
axis of the tube and decreases toward the walls, 
thus establishing a concentration gradient for diffu- 
sion. 

It is important to realize the significance of a value 
T, = 19,900. At this temperature, the average 
kinetic energy of the electrons is 


19,900 


11,600 volts = 2.56 volts 


3 3h 
g hle= 5 


The fraction of the electrons with an energy in 
excess of 10.4 volts (V; for mercury) is 


10.4 


e— 1.71 = 0.003 


Furthermore, as mentioned previously, the walls 
must become charged negatively with respect to the 
plasma to such a potential that the electron current 
flowing in that direction shall be equal to the positive 
ion current. Applying the equations developed by 
Tonks and Langmuir, it is found that in this case 
there is a total drop from the axis to the walls of 
11.0 volts, of which about 2.5 occurs in the plasma, 
leaving a voltage drop in the wall sheath of 8.5 
volts. Since the magnitude of this drop increases 
linearly with T,, it follows that for 7, = 38,000, the 
walls would be charged to a negative potential of 
16.2 volts with respect to the outer edge of the 
plasma. 

A very complete set of data on the gradient, elec- 
tron temperature and concentration in a positive 
column discharge in sodium and sodium plus neon 
has been published by M. J. Druyvesteyn and N. 
Warmoltz.®°? Some of this data is shown in Table 
IX. The measurements were taken with the tube 
connected to a sodium reservoir maintained at the 


temperature indicated in the first column. Since 


60. Phys. Rev., v. 35, 1930, p. 1238. 


61. Phys. Rev., v. 34, 1929, p. 876. 
62, Phil. Mag., v. 17, 1934, p. 1. 
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the tube itself was at 330 deg C, there was no conden- 
sation of sodium along the walls of the tube, and while 
the second column gives the vapor pressure at the 
corresponding temperature, the actual pressure in 
the tube varied with distance from cathode owing to 
migration of sodium ions. The third column gives 
the pressure of neon as measured by a gauge at room 
temperature. The values of X, 7,, and 1, were de- 
termined by probe measurements. The last 2 col- 
umns give data which will be considered in a subse- 
quent section in connection with energy-balance in a 
positive column. 

It will be observed that, as in the case of measure- 
ments with mercury vapor discharges, T, and X 
decrease with increases in pressure, while 7, in- 
creases. Assuming, according to Schottky’s deduc- 
tions that X varies inversely as tube diameter, d, the 
relative values of Xd and 7, for the same vapor pres- 
sure are found to be higher in mercury than in so- 
dium. This is what would be expected in view of the 
relative values of V,; (and V,). The fact that the 
voltage gradient is increased by addition of neon 
when the sodium pressure is low and decreased by 
addition of neon when the sodium pressure is higher, 
shows that at the low pressures of sodium the ions 
are supplied by neon, while at higher pressures of 
sodium the ions are obtained from the latter. That 
the sodium, even at 0.0021 mm decreases the gra- 
dient in neon at 1.1-mm pressure from what it would 
be in absence of sodium is evident from a comparison 
of Xd for pure neon as given in Table VII with values 
at the same pressure of neon in Table IX. 


Table IX—Data for Positive Column Discharge in Sodium 
and Sodium Plus Neon. Tube Diameter = 3.6 cm 


ER Ew 
p(Na) p(WNe) Arc x Percentage 
t°c mm mm amps volts/cm Te De:10~10 of total 
255 0.0021 0 0.2 0.432 30,950 1.01 92.2 13.3 
0 1.0 0.398 19,200 4.55 93.7 13.8 
shen 0.2 1.021 17,600 4.45 92.5 ond 
1.0 0.504 9,100 39.9 88.8 12.5 
3.0 1.0 0.461 8,050 67. 88.3 10.3 
273 0.0044 0 0.2 0.748 22,750 1.25 91.4 6.0 
0 1.0 0.555 12,600 8.64 91.7 8.0 
eat 1.0 0.481 8,050 39.9 90.5 9.9 
3.2 1.0 0.440 7,600 77.0 87.5 9.4 
287 0.008 0 1.0 0.668 9,600 14.8 92.3 6.4 
07a 160 0.517 8,050 39.8 92.0 8.6 
3ek 1.0 0.443 7,100 75.0 90.5 9.6 
5.0 1.0 0.440 6,600 97.0 87.4 8.0 


It is extremely probable that in a positive column 
discharge in pure neon the ions are produced by 
cumulative action, as in the cathodic discharge. 
The fact that there is a considerably greater number 
of electrons with energy sufficient to excite atoms to 
the metastable state than those with energy neces- 
sary for ionization by direct impact, must favor the 
value of P, as compared with that of P,;. There 
is, however, additional evidence from various sources. 
The measurements of H. Kopfermann and R. La- 
denburg,**°* which will be discussed in a subse- 


63. Zs. f. Phys., v. 48, 1928, p. 26. 
64. R.Ladenburg, Rev. of Modern Physics, v. 5, 1933, p. 243. 
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Table X—Comparison of Voltage Gradient and Electron 
Temperature Under Similar Conditions for Helium, Neon, and ; 


Argon 
Gas Arc amp X volts/cm Te 
Helium (He) 0.2 2.24 49,100 
0.5 2.12 53,000 
Neon (Ne) 0.2 1.35 41,400 
0.5 1.34 37,100 
Argon (A) 0.2 0.71 27,700 
0.5 0.48 20,700 


quent section, show that the concentration of meta- 
stable atoms in a positive column discharge is quite 
high and comparable with the values of n,. In this 
laboratory, W. F. Westendorp®>** has shown that 
the negative resistance characteristic of a neon posi- 
tive column and the reactance behavior with a direct 
current upon which has been superposed a ripple, 
can be interpreted on the assumption of high con- 
centrations of metastable atoms. In fact, from 
his measurements of the impedance, Westendorp 
was able to calculate approximate values of 7, the 
duration of the metastable state, which are of the 
same magnitude as those deduced by J. M. Anderson®’ 
by more exact methods. 

The data obtained by Druyvesteyn and Warmoltz 
are in agreement with data obtained in this labora- 
tory by G. R. Fonda and A. H. Young® on the 
characteristics of positive column discharges in neon 
containing sodium vapor, as influenced by the vapor 
pressure of the latter. The observations were made 
on an a-c lamp such as that described in a more re- 
cent paper by the same authors®® and by N. T. 
Gordon.’”° The diameter of the positive column 
was 6.3 cm and the arc current 4amp. With a neon 
pressure of 1.5 mm the values obtained for 7, as a 
function of the pressure of sodium vapor, in milli- 
meters of mercury, may be represented by the em- 
pirical equation 


log T, = 3.486 — 0.193 log p 


which shows that 7, decreases with increase in pres- 
sure. It was also observed that 7, decreases with 
increase in current density. At a sodium vapor 
pressure of 0.002 mm, T,, according to Fonda and 
Young, was found to be about 10,000 deg K, which is 
of the same order of magnitude as the values observed 
by Druyvesteyn and Warmoltz under similar con- 
ditions. 

Before proceeding with the discussion of the rela- 
tion between these observations and the luminous 
output and efficiency of a discharge in neon plus 
sodium, it is of interest to mention a set of data ob- 
tained by the last mentioned investigators on the 
values of X. and 7,, under similar conditions of pres- 
sure and current, for the 3 rare gases, helium, neon, 
and argon. This data is given in Table X. The 
tube used in the measurements was 4.5 cm in diame- 
ter, and the pressure 0.5 mm. 


65. Rev. of Scientific Instruments, v. 2, 1931, p. 437. 

66. C. G. Found, Phys. Rev., 1930. 

67. Can. Jl. Res., v. 2, 1930, p. 13; v. 4, 1931, p. 312; v. 7, 1932, p. 434, 
68. Opt. Soc. of Am. Jl., v. 24, 1934, p. 31. 

69. G.E. Rev., July 1934 v. 37, 1934, p. 331-7. 

70. G.E. Rev., July 1934, v. 37, 1934, p. 338-41. 
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Similar results on discharges in neon have been 
obtained by R. Seeliger and R. Hirchert.7!_ Their 
measurements also indicate that T, decreases with 
increase in current and pressure. 

These results show, as has been mentioned already, 
that under similar conditions, X and T, decrease 
with decrease in the ionization (or resonance) po- 
tential of the gas. The greater the energy required 
to form positive ions, the higher the voltage gradient 
and the higher the electron temperature. 


LIGHT OUTPUT IN POSITIVE COLUMN DISCHARGE 


The electrons in a positive column discharge are 
distributed throughout the whole volume. There- 
fore, excitation and ionization must occur in all parts 
of the discharge, and the light production is thus 
uniformly distributed throughout the length of the 
column. 

Since the probability of excitation increases with 
the kinetic energy of the electrons (at least for values 
of V about 0.5 to 1 volt above the excitation value), 
it follows that a decrease in T, must be accompanied 


by a decrease in the fraction capable of causing 


excitation. Since 7, decreases with increase in pres- 
sure, the probability of excitation at a collision de- 
creases, but the actual probability of a collision is 
increased because of increased pressure. The conse- 
quence of these 2 opposing factors is that the light 
output of a positive column discharge at constant 
current density increases with pressure for low values 
of the latter, attains a maximum value, and then de- 
creases. The maximum in light output as a func- 
tion of pressure at constant current density is usually 
quite broad. 

Let us now consider the effect of current density 
at constant pressure. The measurements of Fonda 
and Young as well as those of Druyvesteyn and 
Warmoltz show that 7, decreases and n, increases 
with increase in arc current. From the data in 
Table IX it is possible to make an approximate cal- 
culation of the relative intensities of D-line radiation 
which might be expected for 2 different curreut 
values. Thus for a pressure of 1.1 mm of neon and 
0.0021 mm of sodium, the observed values of 7, show 
that the actual concentrations of electrons with ki- 
netic energy in excess of 2.10 volts, that is 

2.10 X 11,600 
n= Ne Te 


are as follows 


at 0.2 amp, m = 1.145 X 107?° 
at 1.0 amp, ~ = 2.765 X 107?° 

Thus while the ratio of arc currents is 5:1, the ratio 
of number of electrons capable of exciting sodium 
atoms is 2.4:1. Consequently, the total light output 
should increase 2.4 fold and since the gradient has 
decreased to 1/2, the luminous efficiency should be 
practically the same. The last column in Table IX 
shows that the total energy radiated (E,) which in- 
cludes both visible and infra-red, was approximately 
constant. While this does not give any information 
about the percentage in the visible, it is probably 
justifiable to assume, in view of other results in the 
same paper on the distribution of E, between visible 
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and infra-red, that the fraction in the visible de- 
creases with increase in are current. 

This inference is in agreement with the photometric 
measurements of Fonda and Young which show that 
the light output per ampere decreases with increase 
in are current. Thus at a pressure of sodium corre- 
sponding to 200 deg C (with 1.5 mm neon present) 
the relative light output per ampere decreased from 
74 to 42 for a change in arc current from 1 to 5 amp. 
At very low current densities, the relative lumen out- 
put per ampere increased considerably, so that at 
0.075 amp and 265 deg C, an efficiency of 315 
lumens per watt was obtained, which represents 66 
per cent of Zo, the optimum luminous efficiency. 
A similar result has also been obtained by M. Pirani’? 
with sodium vapor discharges in which heat was ap- 
plied from an external source to evaporate the sodium. 

The results obtained by the same investigators on 
the effect on light output and efficiency of varying 
the pressure of sodium are in agreement with the con- 
clusion previously stated regarding the existence of a 
maximum in light output. In this case the maxi- 
mum values in lumens and lumen per watt are ob- 
tained with the sodium at 200 deg C (vapor pressure 
about 0.0001 mm of mercury). 

In the case of a hot cathode positive column neon 
lamp, it has been found in this laboratory that the 
light output LZ varies with current J according to a 
relation of the form quoted by W. F. Westendorp :”* 


L=LP/s 


where ZL, isaconstant. This relation has been found 
valid over a large range of current. 

These observations, that the light output in a posi- 
tive column discharge increases less rapidly than the 
current when the pressure is maintained constant, 
have been interpreted in the previous paragraphs 
from the point of view of the effect of increased cur- 
rent on the values of T,and,. It is also of interest 
in this connection to discuss briefly some of the re- 
sults which have been obtained by R. Ladenburg 
and his associates on the variation with current of the 
concentration of metastable atoms in a neon positive 
column discharge. (A review of these investigations 
has been published by R. Ladenburg.’* This paper 
gives references to the previous papers on this topic.) 

In such a discharge the relative concentrations of 
metastable atoms in states s; and s3 (see Fig. 5) may 
be determined by measuring the relative intensities 
of certain lines in the visible region. By combining 
such measurements with those on the absorption co- 
efficients for the same lines it is possible to determine 
the actual concentrations of atoms in different ex- 
cited states. 

Results obtained by these methods for a discharge 
in a tube 0.8 cm diameter containing neon at a pres- 
sure of 1 mm are shown in Fig. 10. The curves 
give the concentrations of atoms in s; state and differ- 
ent p-levels as functions of the current, J. The ordi- 
nates, NV, give the concentrations in terms of atoms 
per cubic centimeter. 

For values of J less than 60 ma, the concentration 
71. Ann. d. Physik, v. 11, 1931, p. 817. 

72. Zeits f. tech. Phys., v. 11, 1930, p. 482. 


73. Physics, v. 3, 1932, p. 193. 
74. Rev. of Modern Physics, v. 5, 1933, p. 243. 
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of atoms in s; state may be represented according to 
Kopfermann and Ladenburg by a relation of the 
form 


Bend. od 
~ jee aa 


where a and 6 are constants. This equation is de- 
rived on the basis of the following considerations: 
The rate of production of atoms in the s-level is 
proportional to the current, so that this can be ex- 
pressed as aJ. The rate at which atoms in s-levels 
are destroyed by excitation and absorption of radia- 


N, (37) 


—~ 


2050 100MA 200 
Ig 


Fig. 10. Concentrations of neon atoms in different 
excited states, as functions of current 


tion is given by DN,-J. Finally the rate at which 
atoms in s-levels are destroyed by collisions with the 
wall and other causes is given by c-WN,, where a,b, 
and care constant. Hence at equilibrium 


20 aes al 
bl +c bl +1 


where a = a/c and B = b/c. 
At values of J greater than 60 ma, higher powers of 
the current have to be taken into account, because 
of cross interactions between atoms already excited 
by electron impact. Therefore in the steady state 
the population of a definite level characterized by the 
index 7 can be approximately represented by 
al + pr? 
yl + 67 4+ 1 


N, 


N; = (38) 
where a, 6, y, and 6 are constants which are deter- 
mined empirically from the actually observed curve. 
This last equation applies to the atoms in any ex- 
cited level and indicates that NV; passes through a 
maximum at some value of J. Hence the light 
emitted owing to transitions from these levels must 
also pass through a maximum with increase in cur- 
rent. 

A very important conclusion which is deduced by 
Ladenburg from curves such as those in Fig. 10 is 
this: For large currents in the plasma, the ratio of 
the populations of 2 atomic levels designated by k 
and j corresponds to a statistical equilibrium at the 
electron temperature. That is, 


Ne _ & e—(Vk—Vi)e/kTe 


se £ 22) 


where V, and V; are the excitation potentials of the 2 
states, and g, and g; are statistical weights, the values 
of which for different levels in neon are shown in the 
right-hand column of Fig. 5. For example, from the 
values of N for the different p-levels at about 300 
ma, the value of 7, calculated by means of the above 
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equation is 20,200 deg K, whereas from actual ob- 
servations of T, such as those given in Table X, a 
value of about 22,000 deg K is deduced for the par- 
ticular conditions in Ladenburg’s experiments. Thus 
a determination of T, enables the calculation at least 
approximately of the relative concentrations of atoms 
in the different excited states, and hence it is evident 
that the light output and luminous efficiency are con- 
trolled to a great extent by the electron tempera- 
ture and the conditions, which, in turn, govern the 
magnitude of this characteristic. 


ENERGY BALANCE IN PosITIVE COLUMN 


In their very comprehensive paper on the ‘“Theory 
of the Arc Plasma,’”’’® L. Tonks and I. Langmuir 
point out that, “The variable quantities involved in 
the positive column of an arc may be divided into 2 
classes, the independent and dependent. Among the 
former belong the gas used, the tube radius a, the 
pressure p,, and the wall temperature, which, in 
case the atomic mean free path is comparable with 
a, may be used for the gas temperature 7,. One of 
the arc variables proper must also be included in this 
category—experimentally it is usually the total arc 
current 7,. The dependent variables are, therefore, 
the axial electric field X, the electron density in the 
axis ”,, the electron temperature 7., the positive ion 
current density at the wall Z,, and the number of ions 
generated per second per electron 8. These vari- 
ables are 5 in number and 5 equations will be re- 
quired for their complete determination.”’ 

Of these 5 equations, the most important from the 
point of view of light production is that designated by 
Tonks and Langmuir as the energy balance equation 
which expresses the manner in which the power in- 
put Xz, per unit length is distributed between the 
various individual processes which take place in the 
positive column discharge. 

From the considerations presented in the previous 
sections, it follows that the energy is utilized as fol- 
lows (see also discussion by C. G. Found”*) : 


(a) Elastic Collisions, Between Electrons and Gas Atoms. As has 
been stated in Part I, the fraction of the energy lost by an electron 
at each collision of this type is 2m/M, which has the value 2.72 X 
10~4, for helium, and is considerably less than this for all other 
gases. It is therefore evident that the total energy lost in this man- 
ner, known as the volume energy must be negligibly small, except at 
pressures greater than about one centimeter of mercury. 


(b) Production of Positive Ions. At low pressures where recom- 
bination between ions and electrons in the plasma itself is extremely 
improbable, the rate of generation of ions per unit length of dis- 
charge column must be equal to the rate at which ions flow to the 
walls, per unit length of tube, and are neutralized there by an equal 
current flow of electrons. As has been stated in a previous section, 
in any discharge the walls become negatively charged with respect 
to the plasma, and there exists, therefore, a drop, V,, in the wall 
sheath. The positive ion current flowing to the wall per unit length,. 
which is equal to the electron current per unit length, is given by 


Iw = Ip: 27a 


and the energy transmitted to the wall by the ions in virtue of the 
energy required in passing through the sheath is J,,- V,. While the 
average energy of the electrons in the plasma is (3/2)kT., the energy 
carried to the walls by electrons is 2kT, per electron, so that the total 


TD: Phys. Rev., v. 34, 1930, p. 876. In order to avoid confusion with symbols 
used in the present paper, the writer has used different symbols for some of the 
variables from those used by Tonks and Langmuir. 
76. C.G. Found, G.E. Rev., v. 37, 1934, p. 269-77. 
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energy given up at the surface of tube because of kinetic energy of 
electrons is I,°2kT./e = I, (2T./11,600) watts per unit length. 
Also the energy evolved by recombination at the walls is J, - V;. 
Hence the total energy delivered to the walls (per unit length) 
because of flow of electrons and ions is 


Ew = TVs ar Vs Se 2T./11,600) 


(c) Production of Excited Atoms. 
stored in the form of radiation. 


(40) 


The energy thus utilized is re- 
og Part of this radiation appears as 
visible light L and if Vy designates the average visibility coefficient 
of the light emitted, the energy converted into light is 

IL 


a — 
621V x 


(41) 
where W, and L both refer to unit length of tube. 


On the other hand, a considerable part of the ra- 
diation will be in the infra-red and ultra-violet re- 
gions. Some of this energy is transmitted through 
the walls, while the rest is absorbed and assists in 
raising the temperature. Let W, designate the 
energy transmitted (both ultra-violet and infra-red) 
and W,, the energy absorbed by the walls. Then 
the total energy resulting from the production of 
excited atoms is 


R= Wi+Wi+ Wa 


On the basis of these considerations we obtain the 
energy balance equation in the form 


while the light efficiency is given by 
_ 621 Va: Wr 
“his cram oh 


_ Energy balance measurements have been made by 
a number of investigators, but in no case, as far as the 
writer is aware, have data been published in which 
all the terms in the last 2 equations are given 
for the same discharge. The first investigation in 
which the equations developed by Tonks and Lang- 
muir were tested experimentally was that of T. J. 
Killian.””7 Some of his observations have been dis- 
cussed in a previous section. He found that as the 
value of 7, decreased from 38,000 deg K to 19,900 
deg K by increasing the pressure of mercury vapor 
the energy delivered to the walls by recombination, 
i. e., E,, decreased from 48 per cent to 14 per cent of 
the totalinput. Consequently the rest of the energy 
must have gone into excitation (R). 

F. L. Mohler has reported results obtained on a 
positive column discharge in caesium vapor.’® He 
found that the first doublet of the principal series at 
8,521 and 8,944 deg A (which correspond to the 
2 D-lines of sodium) contributes most of the radia- 
tion. The vapor pressure ranged from 0.001 to 0.8 
mm. The tube used had a diameter of 1.8 cm. 
With currents of 0.2 amp, practically all the power 
was radiated. With currents of 1 amp or less and 
pressures less than 0.03 mm the power input was 
nearly all accounted for in terms of R and E,, with 
the latter gradually increasing in relative amount 
until at 4 amp, E, was about twice R. At higher 
pressures there was an excess of power input which 
could not be accounted for but was probably due to 
volume losses and unmeasured for infra-red radia- 


77. Phys. Rev., v. 35, 1930, p. 1238. 
78. Bureau of Standards Jl., v. 9, 1932, p. 25. 
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tion. “It is reassuring,’ he states, “‘to find that over 
a considerable range the power loss is predominantly 
radiation of the resonance lines and recombination on 
the walls. It suggests that an approximate theory 
can be developed which considers production of 
ions and of the first excited state exclusively and 
that other phenomena can be treated independently.” 

His observations, as Mohler points out, are in 
agreement with those on the sodium positive column 
lamp. In the latter, under normal operating con- 
ditions the energy radiated in D-lines is about 20 
per cent of the power input in the positive column, 
but if external heating is used, a radiation efficiency 
as high as 70 per cent may be obtained at low current 
densities as shown by Pirani and by Fonda and 
Young. 

A most comprehensive investigation from this 
point of view has been carried out by Druyvesteyn 
and Warmoltz on positive column discharges in mix- 
tures of sodium vapor with neon. In a previous sec- 
tion, some of their observations have been discussed 
already. In Table IX, the last 2 columns give their 
results on the percentages of the total power input 
utilized in radiation R and wall energy £,. It will 
be observed that the total adds up to over 100 per 
cent in some cases and less than 100 per cent in 
others. One conclusion however, is evident—that 
about 90 per cent of the total energy input was util- 
ized in these experiments in excitation of atoms, and 
the other 10 per cent in recombination at the walls. 

As is seen by an inspection of the energy level dia- 
gram for sodium (Fig. 3) the radiation emitted by 
this vapor consists mainly of the D-lines 5,890 and 
5,896, and the 3 infra-red lines \8,200, 411,400, and 
22,000. The other lines in the visible part of the 
spectrum emit altogether only about 2 per cent of the 
total light. Druyvesteyn and Warmoltz do not 
give data on the manner in which the energy ra- 
diated is distributed among the different infra-red 
lines and the D-lines; but in some other cases they 
found that the infra-red radiation increases from 12 
or 14 per cent at the lowest current densities to 50 
per cent at the highest current densities. At high 
current densities the concentration of excited sodium 
atoms in the 3P state is so large that excitation to 
still higher levels becomes extremely probable. 

At higher pressures of neon and especially at higher 
current densities, Druyvesteyn and Warmoltz ob- 
served a residual input energy in excess of R + E, 
which they found to be of the same order of magni- 
tude as that calculated for loss by elastic collision; 
but in pure sodium even at higher current densities 
and in sodium plus neon at a low pressure of the rare 
gas, the measurements show that eq 42 gives a fairly 
satisfactory interpretation of the processes occurring 
in such discharges. 

In this connection it is of interest to calculate the 
relative concentrations of excited atoms in the 3P 
state in a lamp such as the 10,000-lumen a-c lamp de- 
scribed recently by Fonda and Young. Since the 
temperature of the bulb is about 220 deg C, the pres- 
sure of sodium is about 0.0001 mm, and the concen- 
tration of sodium atoms, 1 ,,, is 10!° per cubic centi- 
meter. Ina previous section it was mentioned that 
according to Ladenburg’s measurements, the con- 
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centrations of atoms in the different states may be 
calculated by means of the Boltzmann distribution 
law if the value of the temperature used is that corre- 
sponding to Z7\. According to measurements by 
G. R. Fonda, the value of T, in the positive column 
part of the a-c sodium plus neon lamp is about 8,000 
deg K (equivalent to 0.7 volts). Hence the concen- 
tration of atoms in the 3P state, u,, is given in terms 
of my, by the relation 


Na 2.10 


— = 3-e 07 =0.15 
NNa 


and 
ta = 1.5 X 10%2/em? 


This seems to be a reasonable value in view of the 
measurements on absorption of resonance radiation 
and on light efficiency. 

(While this paper was being proof read, there ap- 
peared a: paper by O. Gross,’ which gives probe 
measurements on a positive column discharge in 
argon. The results obtained are in general agree- 
ment with the formulas obtained by Langmuir and 
Tonks and also give energy balance measurements 
which are in agreement with those obtained by other 
investigators.) 


CONCLUDING REMARKS 


Ultimately, of course, it should be possible to corre- 
late measurements on the variable in a discharge 
which Tonks and Langmuir have designated as “‘de- 
pendent,”’ with the concentrations of atoms in differ- 
ent levels, and with the luminous efficiency. In the 
previous sections, an attempt has been made to give 
to the reader some idea of the present state of our 
knowledge in this field. While considerable progress 
has been made, and there has thus been gained a 
deeper insight into the fundamental processes which 
occur in a gas discharge and govern the light produc- 
tion, the actually assured conclusions apply only in 
the field of low pressure discharges. Thus attempts 
have been made to extend the probe method to arcs 
at pressures of a few centimeters of mercury and 
even to arcs at atmospheric pressure. But no theo- 
retical physicist is certain as yet just how far the 
conclusions derived by such measurements are valid 
when applied to such pressures in which new phe- 
nomena occur, such as thermal excitation and ioniza- 
tion and recombination of ions and electrons in the 
plasma itself. Our empirical knowledge in the 
field of higher pressure discharges is quite extensive 
and recently there has been a considerable develop- 
ment in the application of a mercury discharge of this 
nature as a source of light. However, in order to 
interpret adequately the phenomena in such a dis- 
charge it will be necessary to develop new methods 
by which an understanding can be obtained of the 
fundamental processes in these cases which compares 
with that already acquired about low pressure dis- 
charges. 

In conclusion, the writer wishes to express his 
indebtedness to C. G. Found for the helpful discus- 
sions of the contents of this paper. 


79. Zeit. f. Phys., v. 88, 1934, p. 741. 
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Transient Voltages in 


Welding Generators 


In this paper is given a mathematical 
analysis of the armature terminal voltage 
of a d-c welding generator at interruption 
of the short circuit current, with and without 
neutralizing transformer. Also, considera- 
tion is given to the voltage transients across 
the field circuit winding of the neutralizing 
transformer caused by the make and break 
of the armature circuit. Comparisons are 
shown between oscillograms and calcula- 
tions for these transient voltages. 


By 
A. R. MILLER 


ASSOCIATE A.I.E.E. 


Lehigh University, 
Bethlehem, Pa. 


I. A PREVIOUS paper! on. this 3 
topic the calculation of currents in the armature and 
field circuits was given consideration and some cases 
were discussed in which a transformer provided 
interconnection between the field and armature 
windings. Since the current of a welding generator 
is large in magnitude, and at the make and break of 
the armature circuit has a very high time rate of 
change, the question of the magnitude of the voltages 
existing under operating conditions naturally arose, 
for there is little to guide the engineer in estimating 
their relative magnitudes. The present paper gives 
this matter consideration, deriving formulas for the 
terminal voltage when the short circuit is broken, 
and for voltages induced in various parts of the arma- 
ture and field circuits. Machines with and without 
transformer interconnection between the 2 machine 
circuits are discussed. Oscillograms and calculated 
graphs are shown in comparison, verifying the for- 
mula developed. 


ASSUMPTIONS USED IN MAKING CALCULATIONS 


When applying electrical circuit theory to are 
welding machines, certain simplifying assumptions 
can usually be made. ‘These are as follows: 


1. The excitation of the field is from a constant voltage source. 
While there are exceptions to this, it is almost general. The ma- 
chines for which the oscillograms are shown and for which the calcu- 
lations were made had constant excitation from a battery, with a 
view toward simplifying the calculations. 


Full text of a paper recommended for publication by the A.I.E.E. committee 
on electric welding, and tentatively scheduled for discussion at the A.1.E.E. 
winter convention, New York, N. Y., Jan. 22-25, 1935. Manuscript submitted 
Oct. 14, 1933; released for publication April 27,1934. Not published in pamphlet 
form. 
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2. The magnetic circuit of the machine has small eddy current 
effects, and magnetic saturation does not exist. For present arc 
welding generators these assumptions are quite legitimate, since the 
magnetic circuits are usually laminated, and the voltages under 
operation are but a fraction of the maximum possible voltage. 


8. Theseries and shunt fields are connected differentially, magneti- 
cally, to each other. 


4. The rotational speed of the machine is constant under all loads. 


A diagrammatic sketch of a d-c generator with a 
transformer connection between armature and field 
circuits is shown in Fig. 1. 


ASSUMPTIONS REGARDING CURRENTS 
UNDER TRANSIENT CONDITIONS 


The current does not decrease to zero suddenly 
during the interruption of the armature current, 
due to the arcing taking place as the electrodes are 
separated. No rigid equation is possible which 
would cover all possible cases, but the current may 
be assumed to decrease exponentially from the 
initial value to zero, as given by the equation Ie~*. 
By reference to Fig. 2, the actual current Je~* can 
be obtained mathematically by assuming a current 


t = —I (l—e-) (1) 


is applied to the machine during the interruption, 
if the initial current is J. Adding this to IJ gives 
Ie“, the actual current variation. In a large 
number of instances the current follows approxi- 
mately a straight line variation from the initial value 
to zero. In this case the current may be assumed 
to be made up of the component parts shown in 
Fig. 3. 

Thus, at % the current —kt is applied, followed at 
t, (the instant the current becomes zero) by an 
application of the negative of the first current. 
Adding these to that previously existing gives the 
actual current, as is illustrated by Fig. 3. 

When the short circuit is broken it is assumed that 
the terminal voltage is due to the application of 
currents, shown in Fig. 2 or Fig. 3, to the impedance 
of the machine viewed from the point at which the 
interruption takes place. The voltage across an 
element of the machine is of course the product of 
these assumed currents and the impedance of that 
part of the circuit. 

Upon the establishment of a short circuit condition 
the form of current variation can be calculated, as 


Fig. 1. Wiring diagram 


S, series field; F, shunt 
field; A, armature; T, 


transformer SOURCE OF 


EXCITATION 


was done in the previous paper, since all constants 
and conditions can be assumed with sufficient ac- 
curacy. 

In all the analysis which follows the operational 
method of solution is used with the intention of re- 
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ducing the formula and procedure to a minimum. 
No apology need be made for this since many ex- 
cellent treatises now exist which treat this process.? 


VOLTAGE ACROSS TERMINALS OF GENERATOR 
WHEN Circuit Is BROKEN 


The voltage across the terminals of a d-c generator, 
when the short circuit is suddenly opened, is 


é.= —1Z;(p) (2) 


where 7 is the current (in operational form) which 
reduces the final condition to that actually existing, 


Fig. 2. De- 
crease of arma- 
ture current 
during in- 

terruption 


Fig. 3. Com- 
ponents of 
armature = cur- 
rent during 
interrup- 
tion. Actual 
current shown 
by heavy line 


as explained above. 
machine as viewed from the terminals. 


Zi(p) is the impedance of the 
Thus 


a 


=f rae (3) 


Am 
if an exponential decay of current is assumed and 
i--$ (4a) 
¢ = 0, to which is added the result of applying 

| (4b) 


at t = h (see Fig. 3). 

The impedance of the armature circuit viewed 
from the terminals is obtained from eq 3, Appendix 
A, of the previous paper’ and is 


(Ri + Ku + L—p)(R2 + Inp)—(Kie + Mp)(Mp) (5) 
(Ro + Lep) 


The terminal voltage under these conditions is, 
therefore, 


ion Ta[(Ri + Ku + Lip)(R2 + Inp)—(Kizg + Mp)(Mp)] (6) 
‘ (p + a) (Re + Lop) 


ZAi(p) = 
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Equation 6 contains » to the same power in 
numerator and denominator; hence, there is an 
initial voltage at the moment the current interruption 
begins. 

Assuming that the net mutual inductance between 
the armature and field circuit is reduced to zero by 
means of an external transformer coupling between 
them, this voltage becomes 


» = teh + Ku +L 

(p + a) 
The initial value of the voltage is obtained by 

making p = o and neglecting RK; and Ay which 

gives 

& (initially) = Tal, (8) 


iP) (yf = 0) (7) 


as would be expected in a circuit which contains 
resistance and self-inductance only. 

Letting » = O, the terminal voltage after the 
transient condition has passed over, gives for the 
terminal voltage J(Ri + Kun). Since (Ri + Ku) 
is the ratio of open circuit voltage of the generator 
to the short circuit current, the final voltage is the 
open circuit voltage prior to short circuit, as it should 
be. For any condition in general it is 


a= Ta 
L,L,— M? IyL,— M2 
[A + aR + Rat Kula KuM— ai 


a 2 
— MM 
(Ro-+aLe)p+(RiR2+KuR2) — Re (== M \| 
Lop*+(Ro+aLlr)p+aRe 


The first term of the series gives the initial value 
of the terminal voltage as an impulse; the second 
term the voltage variation to normal value, which is 
dependent only on the form of the applied voltage 
and the field circuit, as far as time factors are con- 
cerned. Thus one exponential term for the second 
or variable part of the voltage is Ae~® and the 
other is Be~* where B = =. 

2 

These results are in conformity with those ob- 
tained experimentally. During the period over 
which the are is being interrupted the voltage is 


(9) 


~~ 
uo 


on 
So 


nm 
uo 


TERMINAL VOLTAGE — VOLTS 


Fig. 4. Os- 
cillogram (be- 
low) and cal- 
culated graph 
of armature 
terminal volt- 
age when short 
circuit is 
broken; no 

transformer 
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Et, terminal volt- 
age; la, armature 
current; It, field 

current 
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undergoing erratic and rapid changes, as influenced 
by the characteristics of the arc and the form 
of the current to be interrupted, which is dominated 
by the exponential factor a in the solution. After 
the arc current has decreased to zero (and the term 
containing a is at zero value) the exponential term 
R:/L2, which is the exponential factor a transient 
current in the field circuit unaffected by the arma- 
ture circuit would have, governs the return of the 
voltage to normal value. That is, after the current 
in the armature circuit has been interrupted, the 
terminal voltage returns to normal open circuit 
voltage at a rate proportional to the unaffected time 
variation of the field circuit current. 

Perhaps a still better assumption as regards ur- 
rent variation is that made by eq 4a. This seems 


to be the more prevalent form, from the results 
Substituting eq 


obtained in many oscillograms. 


Fig. 5. .Os- 
cillogram (be- 
low) and cal- 
culated graph 
of armature 
terminal volt- 
age when short 
circuit is 
broken; low 
mutual 
inductance 


TERMINAL VOLTAGE — VOLTS 


0 0.02 , 0.04 0.06 0.08 0.10 
Et, terminal volt- TIME — SECONDS 
age; la, armature 


current 


4a in eq 2 gives a voltage from t = 0 tot = h, where 
t, is the instant the current is interrupted, as 


bsg k(RitKutLip)(R2+Lop) — (Kis + Mp)(Mp) 


Ot" (10) 


p(R2 + Lop 


Substituting numerical values which pertain to the 
oscillogram shown in Fig. 4 the solution is 


€ = 637.5(12.65¢ + 1.07786 —1) 0<t<h (11) 


At 4, the voltage is that given above plus the 
voltage due to the application of e = kt, which is the 
negative of the voltage applied at ¢ = 0. That is, 


e = eq (11) + 637.5[12.65(t—h) + 1.075¢-8.6(t-n) — 1] (12) 
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for all instances of time after ¢ = 0. A plot of eq 
12 is shown in Fig. 4, which in general verifies the 
-oscillogram. 

In case the mutual impedance between the arma- 
ture and field circuits is reduced to zero, 
Z\(p) = k(Ru + Ku + Lip) 
and the terminal voltage is 


— (Ru + Ku + Lip) OR—<<arm—ants (14) 
Pp 


(13) 


é 


The solution of this equation is 
é= k{(Ru + Kuyt +. Ly] Ona th (15) 


to which must be added, after t = h, the following 
voltage, 


ca k[(Ru + Ku)t-t + Ly] t>h (16) 


As it was impossible to reduce the mutual im- 
pedance to zero with the apparatus available no 
experimental verification of this was possible, but 
in Fig. 5 is an oscillogram taken under conditions 
closely approximating those of negligible mutual 
impedance; also there is given a mathematical plot 
of the solution of the terminal voltage for this 
particular case, which shows good similarity. 


Fig. 6. Equiva- 
lent circuit of 
a d-c generator 
with separately 
excited field 


The above solutions show that the generator hav- 
ing negligible mutual inductance between armature 
and field has a tendency toward a greater terminal 
voltage when the armature circuit is interrupted, 
but these voltages under the more ideal conditions 
will not reach excessive values. Arc welding genera- 
tors are not, except under very unusual conditions, 
required to operate under such short time intervals 
of interruption as shown above. In these tests the 
circuit was broken by large, rather high speed cir- 
cuit breakers. 


VOLTAGE ACROSS TRANSFORMER TERMINALS 
ON SHORT CIRCUIT OF MACHINE 


Only the voltage across the transformer winding 
connected in the field circuit will be given considera- 
tion, as the principle involved in the calculation for 
either winding is the same. The voltage is, for the 
direction of currents assumed as in Fig. 6, M,pu — 
(R, + Lp), M, and L, being the mutual and 
self-inductance, respectively, of the transformer 
winding in the field circuit and Kk, its resistance; 
1, is the armature current and 7, is the transient 
component of the field current. The values of 1 
and i. are given in operational form by eqs 3 and 4, 
Appendix A, of the previous paper.’ 

Thus, for the transformer secondary winding, 


EMyp(Rz + Lop) — Mp(Ry + LP) 


~ (Ri + Ku + Lip)(Re + Lop)— (Ku + Mp)(MP) (17) 


é 
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Figtwie .Os- 
cillogram (be- 
low) and cal- 
culated graph 
of voltage of 
field circuit 
winding of 
transformer 
when machine 
is  short-cir- 
cuited 
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Er, transformer terminal voltage; Ir, field current; Et, armature 
terminal voltage; la, armature current 


In this equation M is the net mutual inductance 
between the armature and field circuits and k, is 
the total field circuit resistance. The numerator is 
of the same power as the denominator, and there is 
an initial value of voltage on the application of a 
short circuit. 

The above equation does not contain the voltage 
due to the resistance drop in the field produced by 
the normal value of field current for that part of the 
circuit, for 22 is the transient component of the field 
current only. Hence, the voltage recorded on the 
oscillogram is the sum of that given by eq 17 and the 
resistance drop in the transformer coil due to the 
current prior to short circuit. 

If M@ = 0, the initial voltage is 


EM, 


@ (initial) = (18) 


when the short circuit is established, and in general 


a EMy;p 
K Ru + Ku + Lip ue) 


The solution of this operational equation becomes 


EM; _, 
= Tr é Y (20) 
where 
Ru + Ku 
y= aha, 
For the case of a machine in which M, = 0.2 
henry and lL; = 0.006 henry (which might be 


possible values) 


€= EF X 33.de71-tt (21) 
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E ranges in value from 70 to 90 volts, hence the 
initial voltage may be as high as 3,000. To this 
would be added the voltage drop due to the field 
current. 

An oscillogram of the transformer voltage (in the 
field circuit) for a particular machine is shown in 
Fig. 7; also a solution of eq 17, which applies in 
this case, is shown there, experimentally verifying 
the mathematical solution. Under the conditions 
of this test, 


€ = E (52:75 €583-! — 12.23.67 19:98) 


The circuit constants are: M = 0.2 henry, M, = 
0.1 henry, KR, = 148.5 ohms, R, = 545 ohms, Ly, = 
45 henrys, Li = 0.006 henry, and E = 50 volts. 

When the mutual impedance between the arma- 
ture and field circuits is reduced to zero, the induced 
voltage in the transformer winding is counter- 
balanced by a similar induced voltage in the field 
winding, which must be taken care of in the design 
of the machine. 


VOLTAGE ACROSS TRANSFORMER TERMINALS 
WHEN SHORT Circuit IS BROKEN 


The voltage at the terminals of the transformer 
winding in the field circuit (which in magnitude is 
the same as that at the terminals of the field winding 
of the generator, except for the resistance drop) 


1S 
é, = Mypii—(R + Lp)i2 (22) 


where RK and L are the resistance and inductance, 
respectively, of the transformer winding inserted in 
the field circuit. By eq 2 of the previous paper,! 


Mp 


i SERS y (23) 
Therefore 

Un pairs LP) : 
Ai [me CRETE ] 2 ay 
T=. 0, 
és = Myprr (25) 


This value is the lowest possible value that may 
exist. In this case 72 = O and the self inductance 
and resistance of the field circuit play no part. 
Thus, if the current in the armature is assumed to 
be given by eqs 4a and 4b, the transformer voltage 
for the field circuit is 


é, = —Mk (M = 0) 


from t = 4 tot = h. This agrees quite well with 
the oscillogram shown in Fig. 7 which was taken 
under the assumed condition. 

Should it happen that for a condition other than 
M = 0 the resistance and inductance of the trans- 
former field winding and the machine field winding 
are similar, by eq 24, the same voltage-time relation- 
ship would hold, except for relative magnitude. 
Since this is approximately so, the voltage across the 
transformer winding assumes a more or less constant 
value during the transient state for all conditions 
under which the oscillograms were taken. 


(26) 
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Fig. 8. © Oscillo- 
gram (below) and 
calculated graph 
of voltage of field 
circuit winding of 
transformer when 
short - circuit cur- 
rent is broken 


Er, transformerterminal 
voltage; lr, field cur- 
rent; Et, armature 
terminal voltage; la, 
armature current 
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CONCLUSIONS 


The terminal voltages upon the interruption of 
the armature current in arc welding generators are 
not excessive under operating conditions, but are 
likely to be higher in machines which use transformer 
coupling between armature and field winding for the 
purpose of eliminating overshooting of the current 
upon sudden changes in circuit conditions. The 
transient value of this voltage is not likely to exceed 
more than twice the normal open-circuit terminal 
voltage of the machine. The latter type of machine 
has an instantaneous recovery of normal open-circuit 
voltage upon the interruption of the armature 
current, as may be seen in Fig. 8, which is an ad- 
vantage from the welder’s point of view. 

Although in the older types of d-c generators, 
built without neutralizing transformers, the terminal 
voltage of the field was of normal value under 
transient conditions, the neutralized are welding 
generator may have terminal voltages of a few 
thousand across the transformer winding in the field 
circuit, and likewise across the field winding coils of 
the generator itself. If care is used in designing the 
machine the voltage is not of such a value that the 
proper insulation cannot be provided. 


LIST OF SYMBOLS 


= resistance of armature circuit 
Re = resistance of field circuit 

= self-inductance of armature circuit, including the armature 
winding, series field, and any reactor or other device which may be 
in that circuit 
I, = total self-inductance of the field circuit 
M = mutual inductance between the armature and field circuit. 
Saturation is assumed negligible 
Ky. = rotation voltage constant between shunt field current and 


ASS 
| 
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voltage induced by the rotation of the armature in the magnetic field 
produced by the field current 


Ky, = rotational voltage constant for the series field current 
E = open circuit (or induced voltage) produced by the field 
current prior to a transient condition in the armature 
Pb = d/dt 
t = time in seconds 
L; = self inductance of transformer winding in the field circuit 
M; = mutual inductance of transformer winding in the field 
circuit 
R; = resistance of transformer field circuit winding 
a = exponential factor for are current 
8B = R/I, 
€ = base of natural logarithms 
k = rate of change of armature current 
4 ds Ru + Ku 
Ly 


armature current 
field current (transient component) 
transformer terminal voltage (winding in field circuit) 


J 
n 
tow 
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Overvoltages on 
Transmission Lines 


Observations of line-to-ground voltages 
have been made under routine operating 
conditions on an isolated neutral system, 
a Petersen coil system, 3 neutral resistance 
grounded systems, and 2 directly grounded 
systems. Results of these observations are 
given in this paper. Measurements were 
made with oscillographs supplemented, on 
all but 2 systems, by surge recorders. 
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l.. HAS long been recognized that, 
under certain conditions involving faults to ground, 
dynamic voltages larger than the normal line-to-line 
voltage may exist on the unfaulted phases of a 
system operated with neutral isolated or grounded 
through substantial values of impedance. Dynamic 
overvoltage is dependent among other things upon 
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the impedance through which the neutral is 
grounded. The term dynamic overvoltage, as used 
herein, includes transient voltages due to an arc 
at the fault, but does not include high frequency 
surge voltages due to lightning or switching. Both 
theoretical and experimental investigations indicate 
that the magnitude of lightning and switching 
surges is not dependent upon the method of ground- 
ing the system neutral and these types of surges 
are not considered in this paper. Although condi- 
tions other than the type of system grounding may 
affect the dynamic overvoltage under: fault condi- 
tions, they are not likely to cause an effect as large 
as that mentioned above. 

A knowledge of the probable magnitudes of dy- 
namic overvoltages is of importance not only in 
relation to the general insulation level of a system 
but also in connection with the selection of pro- 
tective gaps and lightning arresters. Several theo- 
retical methods of estimating the maximum value 
of dynamic overvoltage on systems isolated or 
grounded through substantial vaiues of neutral 
impedance have been published. These are based 
upon certain assumptions regarding the character- 
istics of arcs to ground and lead to various esti- 
mates of maximum voltage, ranging from 3.5 to 19 
times normal.!~> Voltages up to 3.5 times normal, 
as measured in staged tests, have been reported in 2 
recent Institute papers.*!° There is, however, 
little published material relating to the measure- 
ment of these voltages during operating conditions. 
This paper gives the results of an experimental 
study of this matter by one of the project committees 
of the Joint Subcommittee on Development and 
Research of the Edison Electric Institute and the Bell 
Telephone System, in codperation with 4 power com- 
panies. The paper does not provide data regarding 
overvoltages which may be experienced on cable 
systems, as the observations were conducted on 
overhead transmission lines except for one system,, 
in which approximately 20 per cent of the system 
mileage was cable. 


METHOD OF MEASURING OVERVOLTAGE 


In these investigations overvoltages on operating 
systems have been measured by automatic oscillo- 
graphs connected through wye-wye connected po- 
tential transformers to record the line-to-ground 
voltages, supplemented in several cases by surge- 
voltage recorders. 

The oscillographs utilized in this investigation 
are an improved form of the continuous film oscillo- 
graph described in an Institute paper in 1929.’ 
Features making them particularly well suited for 
this type of investigation are as follows: 


1. The speed of operation is such that, after the tripping value is 
reached, only about the first cycle of a disturbance is unrecorded. 


2. The frequency response characteristic of the string type gal- 


Full text of a paper recommended for publication by the A.I.E.E. committee 
on power transmission and distribution and tentatively scheduled for discussion 
at the A.I.E.E. winter convention, New York, N. Y., Jan. 22-25, 1935. Manu- 
script submitted April 11, 1934; released for publication July 12, 1934. 
Not published in pamphlet form. 
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vanometers (utilized in all but 2 of the instruments) is practically 
uniform up.to about 3,000 cycles. This is especially advantageous 
in recording transient disturbances within this frequency range 
or voltages of irregular wave-shape. 


3. The date and time of each oscillogram are recorded by photo- 
graphing on the film at the end of the oscillogram, a calendar clock, 
thus providing a means for correlating a particular oscillogram with 
records from other instruments on the system and with operating 
records. 


To supplement the records from the magnetic 
oscillograph and provide information on the ex- 
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pe accucoamarn (5/13/32-*) 
SURGE RECORDER (5/13/32- #) 


Owosso 


6M 


© 
KALAMAZOO JACKSON 


OSCILLOGRAPH (2/26/31-¥*) 


SURGE RECORDER (2/14/31-12//3') 
o3 a ie % STILL IN SERVICE 
Fig. 1. 140-kv isolated neutral and Petersen coil 


systems of the Consumers Power Company 


istence of high frequency surges associated with 
dynamic overvoltage, or voltage disturbances that 
might occur before the oscillograph could come into 
operation, surge voltage recorders were installed 
on 4 of the systems under study. The instruments 
were coupled to the line through capacitance po- 


tential dividers, and so connected as to minimize 
the effect of leakage across the insulators. 

Surge voltage recorders utilize Lichtenberg 
figures’ as a means of determining the type and 
magnitude of a surge voltage. The instruments 
used in this investigation are similar to those which 
have been extensively used in lightning investiga- 
tions on power lines, except for certain modifica- 
tions, such as the use of moving picture film which is 
automatically stepped forward after each record, 
and means for photographing a clock thus giving 
the time and date of each record. 


EXTENT OF AVAILABLE DATA 


The extent of the data included in this paper 
and relevant information regarding the systems 
from which they were obtained are given in Table I. 
It will be seen from this table that observations 
were made on 6 systems having a combined mileage 
of over 2,500 circuit miles, and operating with neu- 
tral isolated, grounded through resistance or Peter- 
sen coils, or solidly grounded. The records cover 
periods of observation ranging from 9 months to 
21/. years. 

A sketch of the 60-cycle 140-kv lines of the 
Consumers Power Company is given in Fig. 1. 
The Petersen coil system is metallically isolated 
from the rest of the system, which is operated with 
neutral isolated. This figure also shows the lengths 
of the various circuits, the points at which oscillo- 
graph and surge recorder observations were made 
and the period of observation at each point. 

The south and west zone 33-kv systems of the 
Public Service Company of Northern Illinois are 
shown on Fig. 2, together with the locations of 
recording instruments and the points of neutral 
grounding. During part of the period of observa- 
tion the west zone system was grounded at 2 points 
through 50-ohm resistors, and solidly grounded at 2 
fairly remote points. The relaying was such that 
for many of the faults the solidly grounded section 


Table I—Data Relating to Systems Under Observation 


Type of 
Voltage Neutral 
System Ky Grounding 
Gonstimers?Power: Cove nav aste sno 140. Isolated seen nee a et crss eee 
ConstimersiP ower: Cotis ric ciein'e ore 140. Petersen  Coilipe:. nee eciscuercre he 
Public Service Elec. and Gas Co....... 26....75 ohms resistance at 1 point..... 


Public Service Co. of Northern Illinois, 


Period of Observation** 


Length of 
System Light- 
Circuit ning No. of Records Included 
Miles Months Seasons in Analysis 
573-800 4 re, ere ope 29 ....2.8....350 oscillograms 
25 ....2.4....157 surge records 
226-2146 othe ee 25 .-2.1....166 oscillograms 
20 ..1.9.... 88 surge records 
126 open wire,............ 29 .-2.3....101 oscillograms 
32 cable No surge recorder installed 
SouthsZonesysteniaj- an ae ae are ene 33....50 ohms resistance at 3 points...570 open wire............ 29 ....2.5....290 oscillograms 
29 ....2.5....20 surge records 
Public Service Co. of Northern Illinois, 
Wiest: ZOne SYSteMmt! a)... ec aieicntioe 33....50 ohms at 2 points, solidly No oscillograph records above 1.2 
grounded at 2 other points..... 240 open wire............ ivliye oo Us oe times normal 
13. ....1.4....44 surge records 
Public Service Co. of Northern Illinois, 
West. Zone'systemj55.005. . se sce: 33....Solidly grounded at 4 points...... 240 OPeH Wits. octane 10 1....No oscillograph records above 1.2 
times normal 
aoe 10 1....10 surge records 
Illinois interconnected system*........ 33....Solidly grounded at 2 points...... 800 open wire............ 9 1....75 oscillograms 


No surge recorder installed 


Central Illinois Light Co., Central Illinois Public Service Co., and Superpower Co. of Illinois. 
Where 2 periods are listed the first applies to oscillograph and the second to surge recorder observations. 


1302 


ELECTRICAL ENGINEERING 


was separated from that part of the system to which 
the recording instruments were connected. How- 
ever, there has been no indication from oscillograms 
of an increase of voltage on this system when the 
solidly grounded section has been disconnected. 
About the first of February 1933, the resistance 
grounds were replaced by solid grounds and since 
that time this system has been operated with solid 
grounds at all 4 points. 

Oscillographic observations only were made on the 
other 2 systems. On the 33-kv solidly grounded 
interconnected system in the vicinity of Spring- 
field, Illinois (the power companies concerned are 
the Central Illinois Light Company, Central Illinois 
Public Service Company, and the Superpower 
Company of Illinois), oscillographs were installed 
at Powerton generating station, the main neutral 
grounding point, and at East Springfield, a non- 
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SURGE RECORDER (6/26/31! - 12/7/33) 
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STREATOR ARE NORMALLY OPEN. 


Fig. 2. 33-kv system of the Public Service Company 
of Northern Illinois 


grounded station, the 2 stations being at opposite 
ends of a 64-mile line. The records of voltage to 
ground procured from these instruments are inci- 
dental to the principal purpose for which the in- 
struments were installed. 

The 26-kv system of the Public Service Electric 
and Gas Company is a radial system, grounded 
through resistance at the substation at which power 
is supplied to the system. The oscillograph is 
located at this point. 


MeETHOD oF ANALYSIS 


In the analysis of the oscillographic data all 
records showing evidence of a disturbance have 
been included whether or not they were correlated 
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with operating records. Records correlated with 
or of a type attributable to switching have been 
omitted, and on one system records of voltage less 
than 15 per cent above normal have been arbi- 
trarily omitted since it was frequently difficult to 
determine whether they were due to an actual 
disturbance or to a slight abnormality in the voltage. 

Surge records include those due to lightning and 
switching surges as well as dynamic overvoltages. 
Other investigations have indicated that the char- 
acteristics of the figures are an indication of the 
duration and nature of the overvoltage. It has been 
found that lightning surges produce only positive 
or negative figures, or figures of a type sometimes 
classified as highly-damped oscillatory.? Switching 
surges also usually produce highly-damped figures. 
On the basis of these observations all unidirectional 
or highly-damped figures have been attributed to 
lightning or switching and therefore have been 
omitted from the analysis given in this paper. 
Medium and slightly damped figures are usually 
associated only with dynamic voltages either at 
fundamental frequency or at some higher harmonic 
frequency, since under fault conditions these voltages 
may persist and thus produce dense Lichtenberg 
figures, indicating many reversals or alternations in 
voltage. There remains a large group of mixed 
figures having the characteristics of a medium 
damped figure with a superposed figure of a type 
associated with lightning or switching. It is often 
difficult to determine the exact line of demarcation 
between the 2 types of figures, and to avoid the 
possibility of eliminating some voltages which may be 
caused by a fault-to-ground, 2 cumulative per- 
centage curves have been prepared, one from the 
maximum recorded voltage of all medium damped 
and mixed figures, the other from the maximum 
voltage of the medium damped figures and the 


Data Period No. of 
< 90 Curve From (Months) Records 
” 

5 80 | Oscillograph 29 350 
Q I Surge recorder (A) 25 AS, 
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BS ‘ (B) Excluding highly demped portion of figures 
wig °° 
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ao le 5 
% 20 Fig. 3. | Magnitude 
< . . . 
S19 distribution of over- 


voltages on 140-kv iso- 
lated neutral system 


2 3 5 6 
TIMES NORMAL VOLTAGE TO GROUND 


estimated medium damped portion of the mixed 
figures. 

In order to simplify and facilitate the measure- 
ment of the records from the surge recorders, only 
those showing voltages 15 per cent or more above 
normal were utilized. 

Typical Lichtenberg figures secured in these 
investigations are shown in the accompanying 
illustrations. In some instances when voltage per- 
sisted for an appreciable time, records of the type 
illustrated in Figs. 6A and 9C were obtained. They 
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are due to the persistence of the voltage until after 
the film starts to advance. The film begins to move 
from 1 to 2 sec after the recorder is tripped and 
moves forward at the rate of about one inch per 
second. The extended portion of a record has been 


Fig. 4. Com- 
parison of 
measured and 
computed 
line - to- 
ground _ volt- 
ages on 140- 
kv isolated 
neutral system 
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considered as well as the main figure and the maxi- 
mum value indicated by either is the value used for 
the given disturbance. 

In cases of one-phase-to-ground faults the magni- 


tudes of the overvoltages on the 2 sound phases - 


were usually different. In preparing the curves, 
the maximum voltage shown by an oscillogram or 
surge record was used irrespective of the phase on 
which it occurred. Where records were obtained 
at more than one location for a given fault, the 


maximum voltage recorded, irrespective of instru- 


ment location, was used. 

In analyzing the oscillograms and surge records 
the maximum peak or crest value, respectively, of 
the voltage to ground has been measured. This 
value is divided by the nominal peak voltage to 
ground of the system to secure the “times normal 
voltage to ground”’ used in presenting the results. ( — 

These values, as determined from oscillograms 
and surge records, respectively, are shown in the 
form of cumulative percentage curves of the type 
illustrated in Fig. 3. On these curves the abscissas 
indicate overvoltage expressed as a multiple of the 
normal system voltage to ground. The ordinates 
show the percentage of the total number of records 
considered which exceed the corresponding abscissas. 


RESULTS OF OBSERVATIONS— 
ISOLATED NEUTRAL SYSTEM 


The highest overvoltages, as would be expected, 
were observed on the isolated neutral system. 
By reference to Fig. 3 it is seen that, according to 
oscillographic measurements, 80 per cent of the 
disturbances produced voltages to ground equal 
to or exceeding the line-to-line voltage (1.73 times 
normal). The maximum value recorded was 3.9 
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times normal. Fundamental frequency calculations 
indicate that on an extensive system of this type, 
involving large charging currents during faults, 
overvoltages above 1.73 times normal may be ex- 
pected. This is indicated by Fig. 4, the upper 
portion of which shows a comparison between 
measured and computed line-to-ground voltages, 
for 2 faults of known location. The vector diagrams 
in the lower portion of this drawing apply for a fault 
at pole 1782 and show the computed voltages at 
the locations indicated just above the respective 
diagrams. They illustrate how far the neutral 
(ground) point shifts outside the triangle of delta 


Fig. 5. Typical oscillogram of one-line-to-ground 
fault on 140-kv isolated neutral system 


Vx, Vy, Vz = line-to-ground voltage 


voltage and that the delta voltage remains normal 
even though the voltages to ground are badly un- 
balanced. Oscillograph observations also show that 
normal line-to-line voltage is maintained during 
one-line-to-ground faults. 

The 5 highest overvoltages recorded by the 
oscillographs were all due to disturbances on the 
same line, namely, the H-8 line which forms part of 


Fig. 6. Lichtenberg figures from 140-kv isolated 
neutral system 


A. Medium damped figure, film in motion before fault 
cleared 
B. Medium damped figure 


C. Combination highly damped, medium damped figure 


the eastern side of the system. The highest value 
was recorded during a fault caused by the boom of a 
dredge fouling the line. The next 4 highest resulted 
from insulator arc-over due to lightning. 
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| Table II—Comparison of Voltages From Oscillographs and Surge Recorders; One-Phase-to-Ground Faults; Isolated 
Neutral System 


Maximum Voltage to Ground 
(Times Normal) Measured by 


Surge Recorder 


Estimated 
Type Over- Medium 
Case : of all Damped 
No. Oscill. Fig Value Portion Correlation With Troubles on the Power System 
eae stays esie OAS ere in eee 13 OW br men ennieart ae 7 Orns eyaaeetce DAO ic uerrapted els pes Lightning**; H-8 between Saginaw River and Flint 
pate erahGty Sa ay a yay aera Se AIeve. TEE eae ce rice -e cE ge Nas 2 aa QO sense Are between X-Y conductors and to ground wire. Cause unknown, possibly kite 
Ola tara Sectors Bl Qinreran ors act 2 ON, Rae rare aat ne A Regehr ee aii Sia tty Eevee ee Lightning; line O-15 tripped at Kalamazoo 
CA Sa eee PIG) No sire Ss FENG sere to rine he eee OFA BED Oa roe Lightning; line H-8 at tower No. 2,500 between Delhi and Owosso 
(Hob Ata ors PRY Pur eae muCne 12 OY Borne Soper case CMOS Hoban RA BNO ew eins Lightning; line H-8 at tower No. 2,585 between Delhi and Owosso 
(hs case eee C160 see rar eonre re MRE Sette cise: cD Cro ari ee CBee coon ts Lightning; line H-8 at tower No. 2,580 north of Delhi 
Ula CNAs DA Soe aysekets.a! 33 ONY Godan Dae ete tet oS Se Bi Bseiss Sones Lightning; line H-8 at tower No. 2,573 between Delhi and Charlotte 
(ete reuse a eyes Gee FEM ie ors ease? Tide OOD PEO SLO ene teste Lightning; line J-10 at tower No. 6,083 between Battle Creek and Blackstone 
OA were fore.- 2 DiBrta sicewtva 18 ONY Glues tai eee sed | OP AED «tc Sat enloy Lightning; line J-10 between Battle Creek and Blackstone and line H-8 at Charlotte 
Oi i katsrale dic PARE. Se ie Ot EE een tics ok PS ERS th re BL hs eh ae Lightning; line H-8 north of Garfield Ave. 
eee tess ec Dey aie pele Bit PEM ne ocr CANE: Se nerd bs hk PP orash Lightning; location unknown 
0.18 eet ten ee Qe Ors sikh. alaseias b3 UY Examen ease AGS Nie fees OAR Tan Been Cie cae Lightning; line N-14 between Croton and Muskegon 
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* Film in motion before fault cleared. 


** In all cases reported above as due to lightning, insulator flashover only was involved. 
Duration of overvoltage at approximately value shown in column 2 exceeded 20 cycles in all cases. 


M = Medium damped figure. 
HM = Combination highly damped and medium damped figure. 


Sections of an oscillogram typical of the type 
obtained during a fault on this system are shown 
in Fig. 5. The left-hand section shows the be- 
ginning of the disturbance and the right-hand 
section the end of the disturbance, including a 
few cycles of normal voltage. The peculiar flattening 
of the voltage waves observed on many of the 
oscillograms at the end of the disturbance has been 
associated with circuit breaker operation but has 
not been completely explained. 

A considerable number of oscillograms were 
correlated with switching. These records, which 


100 Data Period No. of 
wigs Curve From (Months) Records 
0 ok | Oscillograph 25 166 
ll Surge recorder ‘ 20 38 
Hl Surge recorder (B) 20 38 


(A) Including highly damped portion of figures 
(B) Excluding highly damped portion of figures 
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Fig. 7. Magnitude 
distribution of over- 
voltages on Petersen 

coil system 
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EXCEEDING CORRESPONDING ABSCISS 
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TIMES NORMAL VOLTAGE TO GROUND 


were excluded in preparing the overvoltage curves, 
were of 1 to 3 cycles duration. They showed voltages 
ranging up to a maximum of 1.9 times normal but 
more than 60 per cent of them were below 1.2 times 
normal. 

Curves II and III of Fig. 3 are the cumulative 
percentage curves of the overvoltages recorded by 
the surge recorders, the former including and the 
latter excluding the portion of the figures having the 
characteristics of unidirectional or highly damped 
surges. These curves are not directly comparable 
to Curve I partly because the periods of observation 
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with the 2 types of instruments were not the same 
and partly because faults producing oscillograms 
sometimes produced no surge records and vice 
versa. The maximum medium damped type of 
Lichtenberg figure obtained, illustrated in Fig. 6A, 
indicated an overvoltage of 5.4 times normal. It 
was not possible to correlate this record with any 
specific power system disturbance, as the clock 
recording the time of operation was out of order 
at the time. Other records from this system are 
shown in Figs. 6B and 6C. 

In general, it was found that, where simultaneous 
oscillograms and surge records were obtained of the 
same fault, the latter indicated dynamic over- 
voltages somewhat larger than those shown by the 
oscillographs. In order to show the relative com- 
parison between the overvoltages indicated by the 2 
types of instruments, 15 cases for which correlation 
between the 2 have been established are given in 


Table II together with the maximum _line-to- 
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Fig. 8. Typical oscillogram of one-line-to-ground . 
fault on Petersen coil system 


In = residual current in Saginaw-Emery Junction line 
lp = Petersen coil current 
Er = residual voltage to ground 
Ex, Ey, Ez = line-to-ground voltage 
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coil 


Fig. 9. Lichtenberg figures from Petersen 
system 
A. Highly damped figure 
B. Combination highly damped, medium damped figure 
C. Combination highly damped, medium damped figure. 
Film in motion before fault cleared 


ground voltages indicated by each instrument and 
the type of the Lichtenberg figure recorded. 


PETERSEN COIL SYSTEM 


In Fig. 7 are shown the results of the observations 
on the Petersen coil system, curve I applying to the 
oscillograph and curves II and III to the surge 
recorder measurements. In Fig. 8 is an illustration 
of a typical oscillogram and Figs. 9A, 9B, and 9C 
are types of Lichtenberg figures from this system. 
Table III shows, for a number of faults for which 
records on both instruments were obtained, the 
comparison between the oscillograph and surge 
recorder measurements. It will be noted that in all 
cases listed in the table the trouble was attributed 
to lightning, and as the faults were self-clearing a 
definite fault location was determined in only one 
case. In 3 of the cases highly damped types of 
figures only were obtained and in some others the 
medium damped portion of the figure indicates 
voltages less than those shown by the corresponding 
oscillograms. In general these were cases in which 
the trouble cleared within 3 or 4 cycles and in which 
the voltage of each succeeding half cycle decreased 
in amplitude. On sustained faults the tendency of 
the surge recorder to show somewhat higher dynamic 
overvoltages than the oscillograph is in accord with 
the results of tests made in connection with the 
installation of the Petersen coil.!° 


SYSTEMS GROUNDED THROUGH NEUTRAL RESISTANCE 


Public Service Electric and Gas Company. This 
system, as previously stated, is grounded at one 
point only through a 75-ohm neutral resistor. One 
oscillograph element measured neutral current and 
gave a positive indication of those faults which 
involved ground current. Only records due to 
accidental disturbances and showing neutral current 
were utilized in this study. The cumulative per- 
centage curve of overvoltages for this system is 
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100 Fig. 10. Magnitude distribution of 
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Period. of observation 2 years, 5 months 
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shown in Fig. 10. A section of an oscillogram 
typical of the majority of records from this system 
is shown in Fig. 114. This oscillogram, obtained 
during an oil circuit breaker bushing failure, also 
illustrates the development from a _ 1-phase-to- 
ground to a 2-phase-to-ground fault at, according 
to the trouble record, the same point. In Fig. 
11B is illustrated an intermittent spit-over followed 
finally by a complete breakdown; this is an ex- 
ample of the apparent extinction and reéstablish- 
ment of fault current. The fault was caused by a 
cable splice failure. 

During the course of the observations 3 different 
series of tests were made by the power company in 
which a one-line-to-ground fault was produced by 
closing in a circuit breaker on a grounded conductor. 
Twenty records were obtained, the voltage to ground 
ranging from 1.83 to 1.93 times normal. Wave 
shape was uniform and undistorted. 

Public Service of Northern Illinois—83-Kv South 
Zone Network. Throughout the period of these 
observations this network was split into 2 parts 
known as the South Zone Red and South Zone Blue 
networks, by sectionalizing the bus at the Joliet 
substation. However, the neutrals of the 2 net- 
works were grounded through the same resistor at 
Joliet and consequently overvoltages resulting from 
faults on either network appeared in the other due 
to the voltage rise across the common resistor. 
For this reason the oscillographic data on over- 
voltages as obtained from the 2 networks have been 
combined for the purposes of this paper. Curve I 
of Fig. 12 shows the cumulative percentage curve 
of overvoltage prepared from oscillograms from 
these networks. The maximum value of over- 
voltage recorded was approximately 2 times normal. 
The record was correlated with circuit breaker 
operation but the cause and nature of the fault was 
unknown. 

Surge records were obtained at only one point 
on the South Zone network, namely, at Chicago 
Heights. The results are shown by Curves II and 
III of Fig. 12. The largest figure attributed to 
dynamic voltage showed a value of 2.6 times normal 
and resulted from a bushing failure at a substation 
not far from the location of the surge recorder. 

Public Service of Northern Illinois—33-Kv West 
Zone Network—Two Neutral Resistor Grounds. The 
results given in this section apply only to the period 
during which the network was grounded through 
50-ohm neutral resistances at Electric Junction 
and Bellwood and directly grounded at 2 other 
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Fig. 11. Oscillograms of line-to-ground faults on 
26-kv neutral resistance grounded system 


A. Typical record 

B. Intermittent spit-over followed by complete breakdown 
Vp, Vn positive and negative sequence voltage 

Vi, V2, V3 = line-to-ground voltage 

ln neutral current 


points fairly remote from the main portion of the 
network. During one-line-to-ground faults on that 
portion of the network centering around the resistor 
grounded neutrals, the total fault current divided 
about equally among the 4 neutrals. During the 
5.5-month period that oscillograph records were 
obtained no voltages to ground greater than 1.2 


Table II|—Comparison of Voltages From Oscillographs and Su 
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33-kv South Zone network, 
neutral resistance grounded 
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times normal were recorded. A cumulative per- 
centage curve was not plotted due to the few records 
of overvoltage obtained. 

The majority of the records obtained with the 
surge recorder showed either a highly damped 
figure alone or a highly damped figure with a (less 
than 31-kv crest) very dense center; next in fre- 
quency of occurrence were the highly and medium 
damped figures mixed. A few records showing 
only medium damped figures were secured. In 
Fig. 13A and 13B are sample records from this 
system. The results of the surge recorder ob- 
servations are shown by Fig. 14, Curve I being 
prepared from the voltages shown by the over-all 
figures and Curve II from the portion of the figures 
attributed to dynamic overvoltage. Only figures 
whose medium damped portions exceeded 31-kv 
crest were used. 


DIRECTLY GROUNDED SYSTEMS 


East Springfield and Powerton Observations. While 
the oscillographs at Powerton and East Springfield 
were not installed primarily for the overvoltage 
study, they provided an opportunity of obtaining 
data on this subject from a system having solidly 
grounded neutrals. At Powerton, 1 of the 2 points 


rge Recorders; One-Phase-to-Ground Faults; Petersen Coil 


System 
Maximum Voltage to Ground 
(Times Normal) Measured By 
Surge Recorder 
— Cycles 
Oscillograph Estimated Duration of 
Type Over- Medium Disturbance, 

Case Duration* of all Damped From 

No Voltage Cycles Fig. Value Portion Osciliogram Correlation With Power System Troubles 
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H = Highly damped figure. 

M = Medium damped figure. 

HM ©= Combination highly damped and medium damped figure. 
* Duration at approximately the value shown. 


SEPTEMBER 1934 


1307 


at which the system is solidly grounded, no records 
showing any appreciable rise in voltage above the 
maximum normal values were obtained. At East 
Springfield, where there is no neutral ground, volt- 
ages to ground up to about 1.5 times normal were 
recorded. A cumulative percentage curve showing 
the distribution of the voltages recorded at East 
Springfield is shown on Fig. 15. In preparing this 
curve only voltages above the maximum normal bus 
voltage to ground (31-kv peak) at East. Springfield 
were used. 

Public Service of Northern Illinois—33-Kv West 
Zone Network. On about January 30, 1933, the 
West Zone network was solidly grounded at Bell- 
wood and Electric Junction. Oscillograph and surge 
recorder observations were continued for about 10 
months under this operating condition. Only a few 
oscillograph records showing voltage above normal 
were obtained, the maximum being 1.2 times normal, 
recorded at the time of an oil bushing failure at 
Bellwood. 

A considerable number of surge records were 
obtained, a majority of them being of the unidirec- 
tional or highly damped type. However, some com- 
bination figures showing evidence of dynamic over- 
voltage were obtained. One such figure is illustrated 
in Fig. 13C. The continuous band on this record, 
obtained while the film was being stepped up in 
position for another surge, was present on many 
records, both with the system solidly grounded and 
when grounded through neutral resistance. Cumu- 
lative percentage Curves III and IV of Fig. 14 show 
the magnitude distribution of the observed voltages 
producing figures whose medium damped portions 
exceeded 31-kv crest. 


DISCUSSION 


A study of the wave shape of the line-to-ground 
voltages sheds some light on the nature of the fault 


NEG.ELECTRODE _ 
PHASE B 


POS.ELECTRODE 
PHASE B 


Fig. 13. Lichtenberg figures from 33-kv West Zone 


network 


A. Highly damped figure. 50-ohm resistors in service 
B. Combination highly damped, medium damped figure. 
Resistors in service 
C. Combination highly damped, medium damped figure. 
All neutrals solidly grounded 
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and the mechanism by which the overvoltage is 
produced. 

Oscillograms from the isolated neutral system 
showing voltages over 2.6 times normal (300-kv peak) 
have been carefully inspected as to wave shape and 
found in all cases to show approximately a sine wave. 
In these cases the majority of the faults involved 
insulator flashover due to lightning and consequently 
arcing, but there is no evidence of the abrupt rises in 
voltage on the sound phase that would be expected 
were the fault current restriking intermittently. In 
a number of other instances the oscillograms indicate 
a self-clearing fault, with no circuit breaker operation, 
the condition which would be most likely to cause 
irregular wave traces. 

The majority of the records from the Petersen coil 
system also show approximately sine wave shape 
and this was true of the maximum observed value. 
However, there were several records that indicated 
at some point during the disturbance a distorted 
voltage; usually where the fault was clearing, or, in 
a few cases, where the fault was reéstablished. 

The 26-kv system of the Public Service Electric 
and Gas Company on which observations were made 
consists of 126 circuit miles of open wire and 32 miles 
of cable. Records from this system furnish the only 
cases of severe wave shape distortion having an effect 
on the magnitude of the larger values of dynamic 
voltage. A majority of the records from this system 
have uniform wave shape of the type illustrated in 
Fig. 114. However, the highest voltages occurred 
in cases where the fault current, after becoming zero, 
reéstablished either every half cycle or intermittently, 
as illustrated by Jy in Fig. 11B. The abrupt rise in 
the voltages on the sound phases through which they 
adjust themselves to the new state of affairs, is 
clearly apparent in the oscillogram. It is seen that 
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Fig. 14 (above). Magnitude distribu- 
tion of overvoltages on 33-kv West 
Zone network, resistance grounded and 

solidly grounded neutral 
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Fig. 15. Magnitude distribution of 
overvoltages on 33-kv directly grounded 
system. Data from East Springfield os- 

cillograph 


Period of observation 9 months (3/24/33 to 
1/1/34). Total records—75 


PER CENT OF RECORDS 
EXCEEDING CORRESPONDING ABSCISSA 


1.0 1.2 1.4 
TIMES NORMAL VOLTAGE 
TO GROUND 


ELECTRICAL ENGINEERING 


Table IV—Classification of Records of Voltage Above 1.85 
Times Normal; Public Service Electric and Gas Company 


26-Kv System 
Max. Meas. 
No. of Voltage 
Nature of Fault Records Times Normal 

Peaked Voltage Waves 
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Wire dropped across insulator in station by bird......... tees can ect 39 
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* During incipient cable failure more than one record was sometimes obtained 
from the same source of trouble. 

** All these records associated with a defective oil immersed insulator in a cir- 
cuit breaker. 


when the arc restrikes, the voltages of the sound 
phases immediately assume a value but little larger 
than that which they have when the arc is continuous. 
In this case and in others where the fault current was 
reéstablished every half cycle, the maximum voltage 


usually occurred coincident with the appearance of. 


this particular wave shape. In none of the cases 
was there any indication of the cumulative building up 
of voltage or of large sustained oscillations in either 
the current or voltage waves. Table IV classifies for 
this system all of the records of voltage to ground 
above 40-kv peak (1.85 times normal) according to 
the wave shape and nature of the fault. It is seen 
that a majority of the higher voltages are associated 
with records of irregular wave shape and that a large 
number of them are associated with cable failures. 
All of those associated with cable failures indicate 
that the fault current, during at least a half cycle 
has become zero and reéstablished itself. 

Records from the remaining systems, in general, 
showed sine waves with occasional irregularity due 
to lower harmonic frequencies. 

No observations were made on systems consisting 
entirely or predominantly of cables, and conditions 
may be different from those experienced on overhead 
lines. For instance, there is a greater possibility of 
resonance conditions becoming important on a cable 
system where the capacitance is larger and the re- 
sistance smaller than on an overhead line. Also the 
characteristics of an arc on a cable may be quite 
different from those in open air. 

The portions of the surge records obtained while 
the film was in motion suggest certain possibilities 
regarding the nature of the voltage during a fault. 
It will be noted that, while the film is moving, there 
are streamers extending from the dense band, which 
have the appearance of those usually associated with 
fairly steep wave front surges. These were noted on 
surge records from all systems, including the solidly 
grounded system, and suggest that a series of steep 
wave front surges frequently accompany faults. 
When superposed on the high fundamental fre- 
quency overvoltage measured on the isolated neutral 
system, it appears possible that they could account 
for the large medium damped figures recorded 


thereon. 
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SUMMARY AND CONCLUSIONS 


1. Sustained overvoltages larger than line-to-line voltage were 
frequently observed on unfaulted phases, during line-to-ground 
faults on systems operated with neutral isolated from ground, or 
grounded through substantial values of neutral impedance. 


2. In general, both the maximum values and the cumulative per- 
centage curves of dynamic overvoltage, correspond in order of 
magnitude to that of the neutral impedance of the systems, although 
the Petersen coil system and the West Zone system are partial ex- 
ceptions to this. 


3. The maximum dynamic overvoltage recorded by oscillographs 
was 3.9 times normal and by surge recorders, 5.4 times normal, both 
records being from the 140-kv isolated neutral system. The 
dynamic overvoltages on the 140-kv Petersen coil system were sub- 
stantially lower, the maximum values from oscillograms being 2.8 
times normal, and from surge records, 3 times normal. On solidly 
grounded systems the maximum value recorded by oscillographs was 
1.5 times normal and by surge recorders, 2.3 times normal. 


4. The maximum values of voltage quoted above represent one 
record only and are considerably higher than those shown by the 
next lower record. Only a small percentage of the voltages ap- 
proached these values. 


5. Comparison of the dynamic overvoltage, for the same faults, as 
indicated by oscillograms and surge records gives values which are 
in reasonably good agreement. Although the cumulative per- 
centage curves of surge records indicate higher voltage than similar 
curves based upon oscillograms the 2 sets of records are not directly 
comparable, due to the differences in the number of records and 
periods of observations. 


6. There has been no evidence of cumulative building up of over- 
voltages on unfaulted phases due to successive restriking of an arc 
to ground. All of the higher values of overvoltages on the isolated 
neutral and Petersen coil systems were essentially of sine wave shape. 
Periodic making and breaking of the fault current have been ob- 
served on the 26-kv system grounded through a 75-ohm resistance. 
Most of these faults were due to cable failures. The voltages re- 
sulting from these intermittent faults have decided peaks but their 
magnitudes are not much greater than the sustained value after the 
fault current has become constant. 


7. In these investigations no observations were made on systems 
consisting entirely of cable; therefore, the conclusions apply only to 
systems where the preponderance of the circuit mileage is in open 
wire. 


The authors wish to express their appreciation to 
the power companies codperating in this study and 
particularly to those persons, too numerous to men- 
tion, who contributed to the installation and main- 
tenance of the instruments and the preparation of 
the trouble records. 
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Discussions 


Of A.LE.E. Papers—as Recommendca for Publication by Technical Cémumittees 


discussions of A.I.E.E. papers received 

in complete and acceptable form at Institute 
headquarters, and subsequently reviewed by various 
technical committees and recommended for publi- 
cation, as follows: (1) remaining unpublished dis- 
cussions of 1934 winter convention papers; (2) 
discussions of papers presented at the A.I.E.E. 
North Eastern District meeting, Providence, R. I., 
May 16-18, 1934 (except those papers not yet pub- 
lished in ELECTRICAL ENGINEERING); and (8) dis- 
cussions of papers on electrical communication sub- 
jects presented at the A.I.E.E. summer convention, 
Hot Springs, Va., June 25-29, 1934. Authors’ 
closures, where they have been submitted, will be 


‘eo? THIS and the following 15 pages appear 


found at the ends of the discussions on their respec- 
tive papers. 

Members anywhere are encouraged to submit 
written discussion of any A.I.E.E. paper published 
in ELECTRICAL ENGINEERING, which discussion will 
be reviewed by the proper technical committee and 
considered for possible publication in a subsequent 
issue. Discussions should be: (1) concise; (2) 
restricted to the subject of the paper or papers under 
consideration; (8) typewritten and submitted in 
triplicate not later than 2 weeks after formal dis- 
cussion at an A.J.E.E. meeting or convention to 
C. S. Rich, secretary, technical program committee, 
A.1.E.E. headquarters, 33 West 39th Street, New 
YorkN. Y. 


Corona Losses From Conductors 
of 1.4-In. Diameter 


Authors’ closing discussion of a paper pub- 
lished in the December 1933 issue, p. 854-60, 
and presented for oral discussion at the power 
transmission session of the winter convention, 
New York, N. Y., Jan. 24, 1934. Other 
discussions of this paper were published in 
the March 1934 issue, p. 470-1, and in the 
April 1934 issue, p. 600-1. 


J. S. Carroll, Bradley Cozzens, and T. M. 
Blakeslee: The authors are particularly 
pleased to note that their paper was of 
sufficient interest to call forth so much 
discussion and comment. We wish to 
thank those who took the time and trouble 
to point out certain things in which they 
were interested and also for the suggestions 
which are helpful in planning future tests. 

The weather seems to be the main general 
topic of discussion. Would that we could 
control the weather in the field at the Ryan 
Laboratory where these experimental lines 
were located. Although humidity varia- 
tions for the tests were between 20 and 62 
per cent, the effects of the variations in this 
range are still negligible as it is generally 
conceded that the humidity factor for con- 
ductor corona loss does not become appre- 
ciable until percentages above 60 are 
reached. Barometric variations were also 
negligible, being less than 2 per cent. 
Temperature variations of less than 8 per 
cent, based on the absolute scale, existed 
for the tests, but since this factor was be- 
yond control and no generally accepted cor- 
rection formula is available, the data were 
presented as found. 

The ‘subject of corona loss during rain 
raised considerable comment. It must be 
remembered that for the greater portion of 
its length the proposed transmission line for 
which these corona loss measurements were 
made is to cross one of the driest sections 
of the United States. With this in mind 
the authors studied the effect of dust that 
might possibly be deposited on the con- 
ductors erected in the desert and reported 
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the results. As mentioned, rain was not an 
important factor in the consideration of the 
type of conductor for the proposed line; 
however, every available opportunity for 
loss measurements during rain was made 
use of. Unfortunately sufficient consistent 
data were not obtained to justify publica- 
tion. There again we could not control the 
rate of rainfall, size of rain drops, wind, 
etc., the result being that the test conditions 
for the different types of cables tested were 
not the same. Besides the observations 
reported in the paper concerning rainfall, it 
was noted that when the conductors were 
free from grease the rain drops on striking 
the surface spread out and ran to the under- 
neath side of the conductor. This was the 
case even for the type Ccable. In the case 
to which Mr. Peterson refers, i. e., the 1924 
paper, the water drops actually stood out 
on the side and top of the cable. This 
particular cable had never been washed to 
remove the grease and had not been up a 
sufficient length of time for the grease to 
have been weathered off. 

The majority of measurements investi- 
gating corona loss from large-diameter con- 
ductors during rain have been made at the 
Ryan Laboratory, and as yet no really 
definite conclusions have been drawn by 
those intimately connected with the work. 
It is felt that attempted conclusions based 
only on portions of the available data are 
unjustified. If any of the companies con- 
sider this factor of rain of sufficient im- 
portance to warrant the expense, from pre- 
vious study it is believed to be physically 
possible to erect a sprinkler system over the 
present test line at the Ryan Laboratory 
which would enable the study of corona loss 
from different types of conductors under 
controlled conditions. 

Along this matter of controlled conditions, 
a careful study is being made of some of the 
weather factors affecting corona loss. Some 
of this preliminary work is reported by 
Hegy and Dunlap in ELecrricaL ENGI- 
NEERING, Feb. 1934, p. 272-38. 

The matter of die grease was mentioned 
in all of the discussions. This was without 
exception the greatest difficulty in the way 
of making comparison of the different types 


of cables. Past tests have definitely shown 
that it is absolutely necessary to remove this 
grease to approximate the losses on weath- 
ered cable. The justification for this com- 
parison is given in the author’s 1933 paper 
(A.I.E.E. TRANS., v. 52, 19338, p. 55). 

We wish to answer the comment made 
by Professor Harding in the second para- 
graph of his discussion by referring to the 
latter part of Mr. Peterson’s first para- 
graph. With respect to the calculation 
Professor Harding makes in paragraph 4, 
as nearly as we can make out he is assuming 
that the cable showing the highest losses in 
the group will be operated at 330 kv, or 
he has selected a critical potential of 430 
kv on the 1.4-in. type C conductor. The 
facts are that the latter cable was chosen 
for the job and the maximum operating 
voltage will be approximately 285 kv which, 
by the same process of calculation used, 
will show an approximate loss of 1 kw per 
mile of line at an elevation of 3,500 ft and 
desert temperatures. 

As for the transfer of single-phase meas- 
urements to what would be expected on a 
three-phase line, we checked the method 
carefully with an actual three-phase set-up 
before attempting to use single-phase 
measurements to calculate three-phase 
losses. As stated in the paper, this method 
has its limitations and is not recommended 
where three-phase measurements are pos- 
sible. 

Concerning Professor Harding’s point 
regarding the value of corona loss in the 
attenuation of surges with steep wave fronts, 
it must be remembered that the surge volt- 
ages are from 6 to 10 times normal line 
voltage. Corona formed by these higher 
voltages is little affected by minor variations 
in size or shape of the conductor. 

In regard to the degree of accuracy of the 
measuring equipment referred to by Pro- 
fessor Harding, reference should be made to 
the previously mentioned 1933 paper which 
discusses the care taken in the actual cali- 
bration of instruments and equipment. 
Checks of the complete system of measure- 
ment have shown that the normal errors 
of reading instruments are much greater 
than the errors introduced by the equip- 


ELECTRICAL ENGINEERING 


ment itself. An example of the accuracy 
may be obtained from the plotted points on 
the insulator loss curve, Fig. 8 of the paper 
referred to, where values as low as 2 watts 
at 200 kv were recorded. It was because 
of this high degree of accuracy developed 
at the Ryan Laboratory in measuring corona 
loss that the City of Los Angeles Depart- 
ment of Water and Power felt justified in 
having the measurements made there. 

Mr. Peterson’s question of the economic 
feasibility of cleaning conductors resolves 
itself into a question of the characteristics 
of the weathering process. This process 
on a new, uncleaned conductor may cause 
a roughening and consequent increase in 
corona loss due to unequal weathering of 
the grease-covered surface. On a _ thor- 
oughly clean conductor the weathering 
process is uniform over the entire surface 
with a consequent tendency for a reduction 
in corona loss. These considerations, to- 
gether with the very great adverse effect 
of grease on corona loss demonstrated may 
justify the erection of cleaned conductors in 
transmission line construction. 

While the corona loss tests reported in 
this paper were made possible by the De- 
partment in their thorough search for a 
suitable conductor for the 275-kv trans- 
mission line from Boulder Dam, it is dis- 
tinctly and obviously true, as stated by 
many commentators on the paper, that the 
final choice for the transmission line was 
not based on corona loss measurements 
alone. The regular mechanical and other 
properties of the cable were principal fac- 
tors with the Department in the cable 
selection. Time did not permit the thor- 
ough study of each cable surface over com- 
plete ranges of weather conditions, an in- 
vestigation which would be highly desirable, 
but the tests were carried out primarily in 
the effort to determine just how much 
weight should be given the corona loss 
factor in the selection of high voltage 
transmission line conductors. 


Portable Schering Bridge 
for Field Tests 


Authors’ closing discussion of a paper pub- 
lished in the January 1934 issue, p. 176-82, 
and presented for oral discussion at the elec- 
trical measurements session of the winter 
convention, New York, N. Y., Jan. 25, 1934. 
Other discussions of this paper were published 
in the March 1934 issue, p. 478-81, and in 
the April 1934 issue, p. 618-22. 


C. F. Hill, T. R. Watts, and G. A. Burr: 
The reasons for preferring the inverted 
Schering bridge are: 


(a) It is direct reading and requires no correction 
or vector subtraction of the impedance to ground 
through the transformer. 


(b) The shield at testing potential is a great ad- 
vantage in testing transformer bushings. The 
difficulty of removing the transformer lead from 
the bushing as required by other methods has 
probably been the principal reason why so few 
transformer bushings have heretofore been tested. 


The placing of the ground at C,R; and 
galvanometer terminal at the left hand 
corner of the bridge diagram, Fig. 1, page 
177, January 1934 ELECTRICAL ENGINEER- 
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ING, will probably not eliminate errors due 
to overhead interference, because part of 
the picked-up interference current would 
flow to ground through C, directly and the 
rest through the parallel path composed 
of C2, Ry, and Rs; in series. 

The sensitivity of the bridge is such that 
an unbalance of 0.0005 in the power factor 
reading will give a 1-mm deflection when 
testing a bushing of 200-uuf capacitance 
with normal power factor. The curve in 
Fig. 5 is applicable to all sizes of condenser 
bushings. 

The test method using only voltage and 
current readings will without doubt discover 
condenser bushings with broken down layers 
or with general depreciation far progressed. 
It does not give the complete analysis pro- 
vided by the power factor and capacitance 
determination. The use of the straight 
Schering bridge in England for field testing 
was not known by the writers at the time 
of publication. The Schering bridge will 
not read the resistance of segregated wood 
members, but in the test procedure bridge 
readings are taken on the bushings with 
the circuit breaker open and closed and 
faults in the wood members are located as 
parallel leakages. They are traced and 
eliminated with the aid of a megger. 

The power factor, capacitance, watts, or 
current can all be calculated either from 
the bridge method or the wattmeter- 
ammeter method. For our method of 
analysis we prefer power factor and capaci- 
tance readings as only these 2 values are 
necessary for complete determination of 
condition. 

Laboratory tests would indicate that the 
power factor reading, coupled with the 
capacitance reading to show that there are 
or are not any punctured layers, will give 
a fairly consistent determination of the 
60-cycle voltage that a condenser bushing 
will stand. We believe that when the 
same materials and methods of construction 
are used it should also give an indication of 
relative impulse strengths. 


Stabilized Feed-Back Amplifiers 


Discussion of a paper by H. S. Black published 
in the January 1934 issue, p. 114-20, and 
presented for oral discussion at the com- 
munication session of the winter convention, 
New York, N. Y., Jan. 24, 1934. Other 
discussions of this paper were published in 
the March 1934 issue, p. 461-2, and in the 
April 1934 issue, p. 590. 


Harry Nyquist: I wish to comment on 
feed-back amplifiers with reference to the 
freedom from singing. When an amplifier 
is constructed so that a portion of the out- 
put energy is fed back (Fig. 1) to the input, 
there is danger that a sustained condition of 
singing may occur. For the purpose of 
studying the singing condition, it is per- 
missible to regard the feed-back phe- 
nomenon as a series of waves (Fig. 2). 
Let Jp be the wave in the output of the 
amplifier element due to an external sig- 
naling wave when there is no feed-back 
included. Then this wave Jp is followed by 
another wave J; which is the result of Io 
being fed around the circuit and being 
modified by the feed-back wave and by the 
amplifying element. Similarly J, gives rise 


to wave J, and so on indefinitely. The 
total wave in the output of the amplifying 
element due to the external signal wave is 
the sum of all these. 

It will be convenient to use a short name 
for the ratio of the steady-state value of 
any one of these waves to its predecessor. 
This ratio may be called the feed-back ratio. 
It is the same as the quantity »@ in Mr. 
Black’s paper. The feed-back ratio, being 
the ratio of any one of these waves to its 
predecessor, is generally a complex number 
and may be represented by a point (x, y) 
in a diagram as in Fig. 3. 

It is relatively easy to see that when the 
feed-back ratio is less than unity, a stable 
condition exists. Suppose, however, that 
a circuit has been constructed such that 
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Conditions for feed-back amplifier singing 


the feed-back ratio is materially greater 
than 1, say it has the value 10, then the 
steady-state value of each one of these 
waves is 10 times as great as its predeces-or 
and it is natural to assume that a singing 
condition exists. In fact, one is tempted 
to assume that a singing condition exists 
whenever the feed-back ratio exceeds unity 
so that each one of these waves is greater 
than its predecessor. Experience shows 
that this conclusion is incorrect, which is 
fortunate because the utility of feed-back 
amplifiers would be very much less than it 
is if the feed-back ratio had to be limited 
to values less than unity. The defect of 
the theory just hinted at is that it fails to 
take account of the building-up processes. 
While it may be perfectly true that each 
one of these waves is 10 times as great as its 
predecessor in the steady state, it does not 
follow that this is true at any specified in- 
stant because the later waves have not had 
time to build up to a steady-state value. 
An accurate summation of these waves 
taking full account of the building-up 
processes (“Regeneration Theory,’’ H. Ny- 
quist. Bell System Tech. Jl., Jan. 1982). 
leads to interesting results. Since these 
processes play an important r6le it is not 
surprising to find that the transmission 
properties of the whole frequency range are 
of importance. Briefly, the criterion which 
is found for stability is that if the feed-back 
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ratio is applied on this diagram for all fre- 
quencies from O to infinity, the point unity 
should lie outside of the locus thus formed 
in order to have a stable condition (Figs. 
4b and c). If it lies inside, there is a 
singing condition (Fig. 4a). 

It may be seen that the feed-back ratio 
may have any value provided it is not posi- 
tive and greater than unity at the frequency 
where it is positive (Fig. 4b). It is possible 
to go even further than this and to assert 
that the feed-back ratio may be positive 
and greater than unity at some frequencies 
provided that care is taken that the point 
unity is not included (Fig. 4c). If this is 
done, the building-up processes will be 
such that singing does not occur. A quali- 
tative description of what happens may now 
be stated as follows: These waves may be 
considered divided into three classes. In 
the first class are those which have reached 
their steady-state value substantially. In 
the second class are those which are in the 
process of building up. In the third class 
are those which have not yet attained 
appreciable values. If we limit our atten- 
tion only to the first class, we should be led 
to the erroneous conclusion indicated above. 
However, if the second class is included 
and if the network is designed to satisfy 
the criterion indicated, the sum total of the 
second class will substantially cancel the 
sum total of the first class at any instant. 

It is of interest to consider further the 
special condition which occurs in a stable 
circuit which has feed-back ratios which are 
positive and greater than unity (Fig. 4c). 
As shown in the diagram, this circuit is 
stable. Now, however, if the gain of the 
amplifier is decreased, the effect will be 
that the point unity will be included within 
the locus and the circuit will be singing. 
We have then the paradoxical condition 
that a decrease of gain in the amplifying 
element results in passing from a stable to 
an unstable condition and conversely an 
increase in gain results in passing from an 
unstable to a stable condition. 


Induction Motor Locked 
Saturation Curves 


Discussion of a paper by H. M. Norman pub- 
lished in the April 1934 issue, p. 536-41. 


P. H. Trickey: Mr. Norman states that 
his method does not cover the case where 
the tooth tips are saturated by slot leakage 
flux. I believe that this case is very im- 
portant, especially for totally closed rotor 
slots. 

I am giving below a method of accounting 
for saturation based on a different method of 
attack than that of Mr. Norman’s. The 
data given were obtained in arather rough 
manner, and not expected to be particularly 
accurate, but only to illustrate the method 
of attack. 

A series of standstill readings were taken 
‘on an induction motor with closed slots, 
varying the current through the windings. 
From the readings of current, watts, and 
applied voltage the locked impedance, re- 
sistance, and reactance were obtained. The 
several components of the reactance were 
calculated as accurately as possible. An 
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0.05 opening above the rotor slot was 


assumed in calculating the zigzag leakage. 


Subtracting other components, the slot 
leakage was obtained as a function of cur- 
rent in the windings. From the slot leak- 
age, all terms were eliminated except the 
slot constant and from that was subtracted 
the constant for that part of the slot between 


SLOT CONSTANT Ks 


4 


0 10,000 20000 
FLUX DENSITY H 


Fig. 1. Slot constant for portion of slot be- 
tween AA and BB from test assuming 0.05 
opening in calculating zigzag leakage 


30,000 


as CKy le 
AH = oWeke where 
C = Total series conductors per phase 
Ky = Product of pitch and distribution factors 


Secondary locked current referred to 
primary 

Ss = Secondary slots 

W/ = Width or stacking of rotor 

tks = Thickness of closed slot bridge 


ll 


AA and CC (Fig. 1) which is easily calcu- 
lated. 

The remainder was plotted as a function 
of the current in the rotor, turns, number 
of slots, stacking of the rotor, and the thick- 
ness of the bridge. 

The results of this test are shown in Fig. 1. 
Obviously, there are many inaccuracies 
which could be overcome by more tests on 
enough motors to obtain a good average. 
However, the reactance of the saturated 
bridge will probably vary from 50 per cent 
to 150 per cent because of punching strains 
in the bridge unless the rotor punchings are 
annealed, and even then the bridge thick- 
ness will vary due to manufacturing toler- 
ances, so that any great refinements are 
unnecessary. There should be a separate 
curve for each value of bridge radius. The 
figure also shows that for low values of H, 
the reactance may become very large. This 
would occur if the bridge were too thick or 
if the motor were greatly underrated. 


Switching at State Line Station 


Author's closing discussion of a paper pub- 
lished in the January 1934 issue, p. 148-56, 
and presented for oral discussion at the ses- 
sion on electric power switching of the winter 
convention, New York, N. Y., Jan. 23, 1934. 
Other discussions of this paper were published 
in the March 1934 issue, p. 456-61. 


T. C. White: It is interesting that one 
of the problems most generally discussed is 
that of oil fire hazards; it so happens that 
we at State Line have also been giving a 


great deal of study to this question. Be- 
yond doubt, this is a very serious problem, 
as evidenced by the numerous fires reported 
in late years. While no fires have occurred 
at this station, the hazard is well appre- 
ciated and we have endeavored to take all 
the precautions that experience at other 
plants has shown desirable. 

However, when this problem is analyzed 
from the viewpoint of the increased hazard 
due to the metal-clad gear over that inherent 
in the standard oil filled equipment to be 
found in the average plant, that is, in trans- 
formers and oil circuit breakers, it is rather 
difficult to see how the relatively small total 
quantity of oil incident to the metal-clad 
equipment materially increases the hazard. 
Considering the equipment shown in Fig. 6, 
p. 151 of the paper, the total amount of oil 
located in the switchyard is about 416,000 
gallons; of this amount, about 56 per cent 
is contained in transformers, 23 per cent in 
reactors, 9 per cent in oil circuit breakers, 
and 2 per cent in potential transformers. 
Only about 10 per cent is involved in the 
metal-clad portion of the switchgear. This 
latter oil is contained in a very large number 
of small strong enclosures, as contrasted 
with the large volume enclosed in relatively 
weak tanks in the case of transformers. 
The transformer oil fire at Hell Gate de- 
scribed by Mr. Hall illustrates the great 
hazards due to transformers in practically 
all installations. Perhaps one of the most 
prevalent hazards in general is in the case 
of potential transformers, especially at the 
higher voltages where comparatively large 
oil volumes are needed and adequate pro- 
tection is difficult to provide. At State 
Line, however, the highest voltage potential 
transformers used are 22 kv. It is to be 
hoped that recently introduced non-com- 
bustible insulating mediums can be de- 
veloped at reasonable costs; until then, oil, 
filled equipment should be designed to con- 
tain a minimum of oil consistent with ade- 
quate clearances. 

Replying to Mr. Sporn’s statement con- 


cerning disastrous fires which have occurred 


in oil filled switchgear, we know of no case 
where a serious fire has occurred in equip- 
ment at all comparable with that at the 
State Line station. 

The question of weather protection for 
work on the outdoor switchgear under ad- 
verse conditions in some locations may cer- 
tainly be very troublesome. Whether the 
proper solution is enclosure in a building 
shell as Mr. Sanderson suggests or a con- 
struction which would be designed with the 
parts needing regular maintenance com- 
pletely surrounded and protected by the 
structure of the gear is a question, but it is 
agreed that maintenance and to some extent 
operating costs would be decreased if either 
were done, however, as pointed out in the 
paper, no serious difficulty has arisen to date 
and it has been possible so far to schedule 
routine outdoor work in seasons of favorable 
weather. The one big maintenance item is 
oil circuit breaker overhauling, which is 
done annually. Possibly the adequacy of 
such a general routine may be open to some 
question, but so far has been entirely satis- 
factory. Undoubtedly the problem of 
scheduling such work for favorable condi- 
tions will become more difficult as equip- 
ment becomes more extensive. Emergency 
work may, of course, be necessary under 
unfavorable weather conditions, but tent- 
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like shelters and other temporary expe- 
dients can be used and in fact were used 
during construction. In weighing the ad- 
vantages aud disadvantages of outdoor gear 
such as that used at State Line, the diffi- 
culties of outdoor exposure cannot be 
ignored, but they must be considered in the 
light of the amount of regular work abso- 
lutely necessary and the probable need of 
emergency work. 

I agree that the question of the relative 

advantage of duplicate buses as against a 

single bus with a transfer bus must be 
answered by consideration of the service 
and other conditions involved, and no set 
rule can be laid down. 

Answering Mr. Hall’s question, ground 
fault protection is provided at State Line 
and the method employed is described in 
Mr. Rossman’s paper (reference 5) in the 
A.I.E.E. TRANSACTIONS, v. 49, 1930, p. 
400. The degree to which sectionalized 
ground fault protection on metal-clad gear 
should be carried is almost entirely deter- 
mined by economic considerations; metal- 
clad gear permits the use of a very selective 
relay scheme, both between main and re- 
serve buses, sections of a bus, or individual 
phases, depending upon how many insu- 
lating joints and individual grounding trans- 
formers are supplied for the bus enclosures. 
In the case at State Line, it was felt that 
additional selectivity between main and 
reserve buses could not be justified eco- 
nomically. 

In discussing generator sizes, Mr. Hall 
notes that Unit No. 2 is 50,000 kw smaller 
than Unit No. 1. Unit No. 2 is a single- 
element double-winding generator, taking 
up about half the space of Unit No. 1 and 
having twice the capacity of the largest of 
the 3 elements of that unit, that is, the 
electrical capacity of each winding of Unit 
No. 2 is about the same as that of the largest 
element of Unit No. 1. 

Answering Mr. Sporn’s criticism of the 
scope of the paper, perhaps it should be 
pointed out that the intention was to pre- 
pare the paper along the lines proposed by 
the committee, that is, to review the art of 
switching in the light of actual operating 
experience, showing how far the equipment 
actually fulfilled or fell short of the design 
objectives and present day requirements, 
incidentally pointing out its serviceability 
and reliability and indicated trends. I 
believe, however, that another symposium 
on this subject, covering the basic principles 
of future, as well as existing practice, would 
be very timely and desirable. 


Pantograph Trolleys 
I—Design Features 


Discussion of a paper by W. Schaake pub- 
lished in the January 1934 issue, p. 182-9, 
and presented for oral discussion at the trans- 
portation session of the winter convention, 
New York, N. Y., Jan. 23, 1934. Other 
discussions of this paper were published in the 
March 1934 issue, p. 451, and in the April 
1934 issue, p. 589. 


P. E. Wade: Mr. Brown is to be com- 
mended for emphasizing the importance of 
limiting normal contact wire height to the 
lowest value consistent with operating 
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safety. Some years ago the question of 
asking the American Railway Association 
to consider a standard rule prohibiting the 
use of box car tops by trainmen within 
electrified territory was debated, and dis- 
missed as being impracticable in switching 
yards and on some mountain grades. 
Every foot removed from such height would 
be of great help in connection with collector 
design and performance and system costs. 
In 1914 the American Railway Engineering 
Association recommended a minimum clear- 
ance of 9 ft 11/,in. between car running 
board and contact wire to guarantee safe 
conditions for trainmen giving signals with 
lanterns. Shortly after this the maximum 
box car height called for a 24-ft 2-in. wire 
height. 

In view of these facts it is interesting to 
note wire heights as of today given in 
Table I. 


Table I—Wire Heights 


Wire 

Date System Height 

Road Installed Voltage Ft In 
Wirgiti ane eer rae 1925-26...11,000...24 6 
COMO. souls iee 1915-19... 3,000...24 2 
Norfolk and Western. .1915-—25. ..11,000...24 0 
D.L.& W............1930-31... 3,000...24 0 
Great Northern.......1927-29...11,000...24 0 
Illinois Central........ 1926-29... 1,500...22 0 
ONG ON olen cael . 1907-27. ..11,000...22 0 
Pennsylvania.........1915-34...11,000...22 0 
Reading Company.... 1931 ...11,000...22 0 


This table suggests the 
ments: 


following com- 


1. Safety clearances specified in 1914 are not 
required or the movement of trainmen on box cars 
is restricted. 


2. If not already done, the A.R.A. should cancel 
their 1914 clearance diagrams and approve the 
22-ft wire. 


3. The 22-ft wire would offer no relief, as to 
collector design, to roads with 24-ft wire and the 
existence of 2 standard heights on the same road 
is questionable from a legal standpoint in case of 
damage suits. 


Mr. Brown’s statement about the lack of 
coérdination of contact system and col- 
lector design is likely to be misleading. 
American collector designers who deal with 
high speed heavy traction have always 
dealt with contact system design and 
fittings, and have fully appreciated the 
necessity of such codrdination for all classes 
of work. C. J. Hixson in a 1915 A.I.E.E. 
paper emphasized codrdination. Our de- 
signers have been called upon to furnish 
collectors to work with systems designed 
and built by the railways and also to speci- 
fications furnished by the railways. The 
systems involve considerable variation in 
design detail, workmanship, track condi- 
tions, and maintenance of overhead and 
track, and specifications vary as to range, 
head-room, collecting capacity, pan lubri- 
cation, and sensitiveness. On account of 
relatively long and variable intervals be- 
tween electrification projects and the other 
variables cited it is difficult for the designing 
manufacturer to justify investment in im- 
provement research, which would properly 
be conducted under actual service conditions 
in each case. Furthermore it is difficult to 
fix upon a definite yardstick for measuring 
results obtained. In other words, just 
what strip or pan life and minimum contact 


wire life are considered satisfactory in each 
case? 

The reference to an auxiliary pantograph 
carrying a collector shoe is presumably made 
to a device similar to the auxiliary bow com- 
monly used on European collectors. The 
great value of this feature has been recog- 
nized but the added weight in combination 
with American requirements as regards 
range, clearances when at or near collapsed 
position, collection capacity, etc., do not 
favor its adoption. European conditions 
and practice permit the use of a bow fitted 
with aluminum contact strip and the com- 
mon use of 2 collectors, with no reserve in 
case of wreckage. American specifications 
call for a single collector meeting the de- 
mands of the locomotive or car, with all the 
more difficult attending conditions. Even 
if American railways, in common, aban- 
doned the reserve feature, the problem 
would still be a difficult one. The feature 
is important enough to justify exhaustive 
codperative study on the part of the rail- 
ways and designing manufacturers. 

Messrs. Pickens and Brown consider the 
change in wire height, due to temperature 
change, and the rise in wire height due to 
direct collector pressure, all with 300-ft 
structure spacing and span length, as being 
objectionable, and the point is well taken. 
They do not, however, include the vertical 
movement of the contact wire, in fact, the 
entire assembly, in spans adjacent to loco- 
motive or cars due to load being removed 
from the messenger by the collectors. The 
resultant movement and effect on collector 
are dependent upon length of span, speed, 
weight of catenary assembly, details of 
miessenger suspension, and collector design. 
This movement may add to or subtract 
from that due to direct collector pressure in 
the adjacent span ahead. A combination of 
300-ft structure spacing and 150-ft catenary 
spans mentioned by Mr. Brown with lifting 
hangers may go a long way toward solving 
the new high speed problem. This may 
increase cost but it also may not be un- 
reasonable to expect an increase te meet the 
new conditions. 

The use of lifting hangers for smoothing 
out the contact wire and improving collec- 
tion has been advocated in the United 
States for many years, and they have been 
and are widely used in foreign countries. 
The engineers of the Reading Company are 
to be congratulated on having the initiative 
and courage to install a large mileage of 
lifting hangers and will in time be in a 
position to furnish valuable information on 
the subject. 


Pantograph Trolleys 
lI—Operating Features 


Discussion of a paper by B. M. Pickens 
published in the January 1934 issue, p. 190-4, 
and presented for oral discussion at the 
transportation session of the winter conven- 
tion, New York, N. Y., Jan. 23, 1934. 
Other discussions of this paper were published 
in the March 1934 issue, p. 451-2. 


A. M. Wright: In view of the prevailing 
interest in high speed train operation, the 
Pickens paper is valuable as the first analysis 
of the mechanics of the pantograph that 
has appeared. If train speeds are to exceed, 
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80 mph the dynamic reactions between the 
pantograph and the contact wire become 
of the greatest importance, and it must be 
necessary to determine in advance what the 
behavior of the collecting system will be. 
To build an overhead system for operation 
at 100 mph, say, only to find that it is 
impossible to maintain contact with the 
wire, would be disastrous. Nothing is 
known of the conditions for proper stability 
of the contact system at such speeds. 
There is the well-known theory that a wave 
in the wire accompanies the pantograph at 
high speeds, but, at least in hot weather 
when the wires are slack, all the writer 
has been able to observe is a violent jiggling 
of the wires with certain types of construc- 
tion. With other designs the wires seem 
to be fairly stable at all times. From 
observation alone, unbacked by any me- 
chanical theory, the writer has come to the 
conclusion that the best system for high 
speed operation is the “simple’”’ catenary 
with inclined catenary on curves, using 
wires. as large as possible at as high a 
tension as possible. 

The use of the simple catenary, com- 
prising a single messenger and a single con- 
tact wire, raises the question of the desira- 
bility of flexibility in the hangers. Ameri- 
can practice has been to use a loop type, or 
lifting hanger. The Reading Company has 
in operation about 87 miles of simple 
catenary on its main line electrified tracks 
near Philadelphia, over which speeds of 
60 to 70 mph are regularly attained. To 
avoid damage due to arcing at the loop 
hangers, sleeves and jumpers are installed, 
as has been described (‘“‘The Reading Rail- 
road’s Suburban Electrification,’ G. I. 
Wright. ELECTRICAL ENGINEERING, March 
1933, p. 155-61). A similar type of con- 
struction is used on the Great Northern 
electrification (“Inclined Catenary on the 
Great Northern.” Railway Elec. Engr., 
April 1928) where, however, comparatively 
low speeds are encountered. Experience 
with the simple catenary on the Reading 
has been eminently satisfactory at all 
speeds, the smoothness of pantograph 
operation being superior to that of the 
compound catenary on the same railway. 
No evidence of burning at the loop of the 
hangers has been observed after 3 years of 
operation. In the writer’s opinion, the 
fear of damage to the messenger due to 
arcing where lifting hangers are used’ is 
unfounded, at any rate where moderate 
currents are collected, and where jumpers 
are installed. Abroad, where simple cate- 
nary is more or less standard, the practice has 
been in some cases to use flexible hangers, 
and in others to clamp the hangers to the 
contact wire and messenger without any 
flexibility. While the train speed on the 
Reading electrified tracks is not particularly 
high in regular service, test runs have shown 
that good current collection can be obtained 
with the simple catenary up to 75 or 80 
mph and the indications are that the system 
would be satisfactory at much higher speeds. 

This would appear logical, inasmuch as 
jiggling and vibration of the contact wires 
with other types of construction are un- 
doubtedly due to reflections and reinforce- 
ments of small waves. In any contact 
system, the analysis is complicated by the 
presence of the messenger. A vertical wave 
traveling along the contact wire will not 
have a uniform amplitude from span to 
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span, but will induce a wave in the mes- 
senger. This wave in the messenger will be 
reflected at the end of the span and will 
induce a second wave in the contact wire, 
traveling in the opposite direction from the 
first. This second wave, meeting an on- 
coming pantograph at high speed, may cause 
the contact to be broken, with resultant 
arcing. The use of heavy wires and high 
tensions will reduce the amplitude of the 
waves (if they exist at all) and the use of as 
few wires as possible will eliminate some of 
the reflections and reinforcements. 

In designing a pantograph for high speed 
operation, it should not be overlooked that 
the power required to move the pantograph 
through the air can become quite large. 
A standard pantograph for a contact wire 
height of 22 ft, for example, requires 73 hp 
at 100 mph, indicating a pressure of 274 lb 
on the frame. If speeds of the magnitude 
that are talked of today are to be realized, 
it will be necessary to shroud the base 
mechanism and to use a special cross section 
for the frame members. For high speed 
operation, the support of the contact shoe 
will require special attention. It is well 
known that the motion of an elongated 
body through a fluid will generate eddies, 
which in some cases cause oscillations of 
the body. Such oscillations cannot be 
permitted in a pantograph shoe without 
destructive arcing. A perfectly designed 
contact system will be unsatisfactory under 
such conditions, and even lubrication of the 
shoe will be of little use. The writer does 
not consider that the problem of current 
collection at high speeds is by any means 
solved, and a great deal of investigation is 
necessary before we can lay out an over- 
head system, and design a pantograph to 
collect current from it, with certainty that 
successful operation will result. 

The last paragraph of the paper should 
be studied by all who contemplate high 
speed electric operation. The paper would 
have been more interesting had the deriva- 
tion of the equation for the equivalent 
weight been given, and it should be supple- 
mented by a paper analyzing the motions 
of a catenary system under the influence of 
a moving pantograph. 


P. E. Wade: The upward camber in the 
collector shoe is a detail of design that has 
merit, as claimed by Mr. Brown, and is 
worthy of careful study in connection with 
collector design. This detail is used with 
practically all auxiliary bows on panto- 
graph type collectors in Europe, and prob- 
ably originated with bow collectors for 
tramways. Its application to present Ameri- 
can designs would require some general 
changes to avoid an undesirable increase in 
distance between line of contact and axis 
of pan rotation. 

If the collector leaves the wire, as assumed 
by Mr. Brown, protection afforded by the 
side guard is questionable as the guard 
would probably be wrecked by the first 
pull-off or steady device encountered, or 
the aluminum pipe burned and sawed 
through, creating more trouble than the 
horn alone. For low approach wires, how- 
ever, these guards do function, the degree 
of protection being dependent upon height 
of contact wire and collector frame design 
which determines the angle between guard 
pipe and horizontal plane. Such protection 


should be very much in evidence on Cleve- 
land Union Terminals with 18.5-ft wire 
height, and at points of low head-room on 
other roads. 


Trolley Wire 
Lubrication Improved 


Discussion of a paper by J. V. Lamson pub- 
lished in the November 1933 issue, p. 771-6, 
and presented for oral discussion at the trans- 
portation session of the winter convention, 
New York, N. Y., Jan. 23, 1934. Other 
discussions of this paper were published in ~ 
the March 1934 issue, p. 449-50. 


S. R. Negley: Mr. Lamson, by means 
of his tests, has proved a very good case 
against the use of copper wearing strips 
on copper contact wire wunlubricated. 
However, his statement that ‘operation 
of any electric traction system without 
effective lubrication obviously would be 
destructive, unsatisfactory and costly,” 
cannot be accepted as being developed by 
these tests. Most of us having to do with 
the operation of electric traction systems 
feel that lubrication of some sort is de- 
sirable. Frequently, due to steam opera- 
tion over the same tracks, we believe it 
unwise to use a grease which might collect 
grit particles from locomotive blasts and 
result in an abrasive substance which 
would increase the wear on the wire. 

The Reading Company has been operat- 
ing electric multiple unit cars in their 
suburban service for nearly 3 years, and 
due to the presence of steam traffic have 
thought it undesirable to lubricate with 
the lubricants ordinarily used for this 
purpose. Cars were placed in service with 
pantograph strips of rolled steel, which 
collect current from a 55 per cent con- 
ductivity bronze contact wire. In certain 
sections of the line which we have had 
occasion to examine, after a period of 2 
years during which time the wire was sub- 
jected to 88,000 pantograph passes the 
wear amounted to 1 per cent of the total 
area of the wire. The surface of the con- 
tact wire is smooth and polished a dark 
brown color, giving no evidence of the 
excessive abrasive action found by Mr. 
Lamson with his tests of copper on copper. 

The several other points of difference 
between actual operating conditions and 
the test set-up are as follows: 


Reading Co. Mr. Lamson’s 
Test 
Pantograph pressure 
per shoe per wire...... US Tbsienciste 7.5 lbs 
Material of wearing 
Strip. Maedche biaeeer Steels cca wscs Copper 
Contact: wites......< . <2 Bronze, 55 
per cent 
CON Sine aa H.D. copper 
Av. current col- 
lected «ie ittins eteveae 70 amp a-c....200 amp d-c 


The above table therefore, presents a 
wide field for additional tests, viz., the 
effect of varying pressures, varying panto- 
graph strip materials, and current densities 
per pantograph. 

The effect of varying current densities 
may have had considerable effect in the 
results of Mr. Lamson’s tests with the 
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solid graphite block, for it is conceivable 
that since no effort was made to insulate 
the block from the pantograph wearing 
strips, the decrease in current density 
may have contributed largely to the small 
amount of wear obtained. 

The addition of a device for lubricating 
the contact wire in the manner suggested 
by Mr. Lamson tends to complicate and 
increase in weight a mechanism in which 
simplicity and lightness are paramount 
factors. I presume it can be shown that 
lubrication is desirable, but I believe the 
results of further tests could be made more 
valuable if an attempt is made to obtain 
lubrication by the application of dry lubri- 
cant between the pantograph wearing 
strips, thus eliminating additional compli- 
cations to the pantograph itself. 


Shunt Resistors 
for Reactors—Il 


Discussion and authors’ closure of a paper 
by F. H. Kierstead and L. V. Bewley pub- 
lished in the March 1934 issue, p. 411-8, 
and presented for oral discussion at the trans- 
mission and distribution session of the North 
Eastern District meeting, Worcester, Mass., 


May 16, 1934. 


C. W. McGill: There has been a wealth 
of calculation, testing data, and discussion 
stressing the increased surge voltages due 
to reflections and oscillations caused by the 
presence of inductance either in the form of 
choke coils, reactors, transformers, feeder 
regulators, or end turns of station equip- 
ment. The choke coils have been removed, 
the transformers have been redesigned to be 
“surge proof,’ and some of the reactors 
have been eliminated by changed ideas in 
station layout, such as more segregation, 
synchronizing at the load, transformer- 
generator units, circuit breakers of larger 
rupturing capacity, etc.; but there still 
remain many cases requiring reactors. 

Surges do cause stresses and oscillations 
within the reactor, but external protective 
means are not justified with the present 
designs having sufficient mechanical 
strength, copper, and insulation. 

As has been pointed out by calculation 
and by test, a resistor shunting the reactor 
tends to reduce the reflected and the trans- 
mitted surges; but, like so many other pro- 
tective devices, each installation must be 
carefully studied to determine the economi- 
cal justification. 

Thus, for a station having only a few out- 
going feeders, the shunting resistor does not 
reduce the reflected voltages, and dangerous 
potentials appear on the incoming line and 
bus. Lightning arresters on the lines would 
be necessary for their protection and, in 
turn, would also serve to protect the re- 
actors and station equipment. The authors 
mention that this case may be disregarded, 
but there is a growing tendency to reduce 
the number of feeders directly connected 
to a bus section. Protection of the bus or 
station equipment in this case might be more 
economically obtained with bus lightning 
arresters or some type of wave modifier, 
such as a combination of shunting con- 
denser and arrester or a Ferranti absorber. 
It must be kept in mind that when the volt- 
ages on both sides of the reactor, due to 
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multiple reflections, are nearly equal, the 
thyrite resistor is of no aid, no matter what 
the value of the surges. 

Stations having many feeders are not 
materially helped with respect to bus volt- 
ages by the shunting resistors due to the low 
surge impedance of the combination at the 
bus, but the incoming line carrying the surge 
receives some protection. Therefore, a 
comparison with arresters should be made. 
Considerable calculation would be required 
in such a study as the efficacy of the resistor 
reduces as the surge impedance at the sta- 
tion becomes smaller, as occurs with under- 
ground cable. As in other such problems, 
the previous history and records of faults 
on the station or lines in question, the type 
of service required, and the station design 
or method of operation must be considered 
in justifying the expense. 


F. H. Kierstead and L. V. Bewley: Mr. 
McGill in his discussion of our paper states 
that ‘‘for a station having only a few out- 
going feeders, the shunting resistor does not 
reduce the reflected voltages, and dangerous 
potentials appear on the incoming line and 
bus.”’ Referring to Table I of our paper 
it will be noted that for no outgoing feeders 
the bus voltage is reduced by the thyrite re- 
sistor from 1.77 to 1.05; for one outgoing 
feeder the reflected voltage is reduced from 
0.97 to 0.72 and the bus voltage from 0.87 
to 0.48; for 1.8 outgoing feeders the re- 
flected voltage is reduced from 0.95 to 0.59 
and the bus voltage from 0.55 to 0.39; 
and for 4.3 outgoing feeders the reflected 
voltage is reduced from 0.96 to 0.49 and the 
bus voltage from 0.39 to 0.26. This is a 
substantial reduction in voltage for a few 
outgoing feeders. 

Mr. McGill states that ‘‘stations having 
many feeders are not materially helped 
with respect to bus voltages by the shunting 
resistors due to the low surge impedance of 
the combination at the bus, but the incom- 
ing line carrying the surge receives some 
protection.’”’ With many feeders and the 
proper thyrite resistors an impulse voltage 
passes through without appreciable re- 
flection. Therefore, the impulse voltage 
on the feeder side of the reactor is reduced 
to approximately half the value it would 
have had if it had not been shunted by a 
resistor. 

Mr. McGill also states that “protection 
of the bus or station equipment in this 
case might be more economically obtained 
with bus lightning arresters.”’ It is true 
that more complete protection can be ob- 
tained by lightning arresters but at con- 
siderably greater expense, since the thyrite 
resistor is a very inexpensive device and, 
being installed in the center of the reactor, 
entails no installation charges. It should 
be realized that an arrester connected to the 
bus does not limit impulse voltages on the 
feeder side of the reactor and therefore to 
obtain protection on this side of the reactor 
with arresters it is necessary to install an 
arrester on each feeder. However, by 
shunting the reactor with a thyrite resistor 
a large measure of protection is obtained. 
The resistor thus permits the bus arrester 
to afford a much more extensive protection 
to the system. 

Summarizing, the shunt thyrite resistor 
should not be used in lieu of but as a very 
effective supplement to the bus arrester. 


Theory of Primary 
Networks—Part II 


Discussion of a paper by F. M. Starr pub- 
lished in the March 1934 issue, p. 426-31, 
and presented for oral discussion at the 
transmission and distribution session of the 
North Eastern District meeting, Worcester, 
Mass., May 16, 1934. 


C. A. Corney: It is believed that this 
paper will tend to dispel some of the un- 
certainty that has existed in the minds of 
those interested in the question of emer- 
gency unbalanced loading of network units 
with respect to its effect upon reserve trans- 
former capacity. Certain limits have been 
established in the first portion of this paper 
which will serve as a guide in any economic 
evaluation of this subject in making com- 
parisons with other methods of supply. 

It is of interest to note that with, say, 
4 per cent impedance mains, small network 
systems up to 8 units may be designed to 
balance the load evenly among the remain- 
ing units with one feeder out of service. 
In the larger systems, if feeders are inter- 
leaved, a 10 per cent maximum increase in 
load on any one unit may be expected with 
one feeder out of service, and if not inter- 
leaved, that is, if adjacent units are supplied 
from the same feeder, a maximum increase 
of about 30 per cent may occur. In actual 
practice the possibility of providing a cer- 
tain amount of interleaving will likely occur 
accidentally so that the increase in load 
which might be expected can be assumed to 
lie somewhere between the limits of 10 per 
cent and 80 per cent. 

It has been stated that bus differential 
protection can be provided if needed. It 
might not be amiss, however, to point out 
that it would be desirable before doing so to 
examine carefully the possibility of incor- 
rect operations occurring on through faults 
because of the breakdown of current trans- 
former ratio on high currents. In con- 
nection with this general type of protection, 
it would be extremely helpful if manufac- 
turers would have available standard cur- 
rent transformer ratio curves up to 50 times 
full load or even more, instead of up to 10 
or 15 times, as now supplied. 

It has been fairly well demonstrated by 
operating experience that the relay equip- 
ment now available is adequate to provide 
proper selection when applied to a network 
system. There may be some doubt, how- 
ever, as to the efficacy of the instantaneous 
reclosing cycle now being advocated when 
applied to a network system, inasmuch as 
the switch at one end of the network feeder 
might complete its round trip before the 
breaker at the other end opened, in which 
case there would be no initial interruption of 
the arc. 

In considering the question of the co- 
ordination of fuses with relay settings, the 
relay equipment of network units may be 
required to conform to a particular relay 
curve having somewhat different charac- 
teristics from the present relay operating 
curves, in order to permit the various trans- 
former and branch fuses to clear the trouble 
with the minimum circuit interruption. 
This phase of the network protection prob- 
lem should be given careful thought by the 
designers of this equipment. 

In connection with the derivation of the 
short-circuit current values on a network, 
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it may be of interest to remark that our 
engineers working independently on a par- 
ticular problem obtained by the longhand 
method of calculation a value of 5,750 amp, 
and by means of the calculating table a value 
of 5,500 amp, which is a sufficiently close 
agreement for all practical purposes. 


A Graphical Solution 
of Steady State Stability 


Author's closing discussion of a paper pub- 
lished in the April 1934 issue, p. 566-8, 
and presented for oral discussion at the elec- 
trical machinery session of the North Eastern 
District meeting, Worcester, Mass., May 18, 
1934. 


H. B. Dwight: In reply to an inquiry as 
to why an adjusted value of synchronous 
reactance should be used: The reason is 
that it gives results which are usually nearer 
to measurements than those given by the 
“unsaturated” value of synchronous re- 
actance, obtained by short-circuiting the 
machine at its terminals. 


Table I—Maximum Power 


Unsaturated Adjusted Unsaturated 
Sync. Sync. Sync. 
React. React. React. 
and Sat’n. and Sat’n. and Air 
Curve Curve Gap Line 
kw kw kw kw 

Two dupl 

MACH yee e NE PAR Hele, 377 

8 amp f.c 

Table I! 

Two dupl 

DIAC... sieisis = 6 SG e146 Sy eal 304 

9.4 amp f.c. (Test) 

Table III! 

Gen., sync. 

cond., and 

load?.,......50,000 ..81,3003. .80,4005.. 170,000 

1. A.I.E.E. Trans., 1926, p. 1. 

2. A.I.E.E. Trans., 1924, p. 98. 

3. G. E. Review, Dec. 1932, p. 614. 

4. Calculated by Nickle and Lawton. 

5. Calculated by E. B. Shand. 


In Table I are shown 3 cases of maximum 
power, each calculated by 8 ways of using 
synchronous reactance. The first, and 
oldest way is to use the ‘unsaturated’ 
value of synchronous reactance, and to 
take the excitation voltage from the no-load 
saturation curve. The second way is to 
use adjusted synchronous reactance as in 
Appendix A of my paper, and the third 
way is to leave out saturation completely, 
using the unsaturated synchronous react- 
ance and taking the excitation voltage from 
the air gap line. The first way gives too 
small a value of maximum power and the 
third way gives too large a value, unless 
the field current is small, such as that re- 
quired for no load. 

Other useful problems are to calculate 
the power angle and the rate of change of 
power angle. However, if a method of 
calculation gives an error in the maximum 
power, it will almost inevitably give a similar 
error in other power calculations. For in- 
stance, the curve of kilowatts and angle for 
a uniform air gap machine is often prac- 
tically a sine wave, and if the height of the 
sine wave is 40 per cent too great, then ali 
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other readings from the curve will be 40 
per cent too large. 

The complete vector diagram involving 
armature ampere turns cannot be used 
directly if the field current is specified in 
advance. Methods of solution of steady- 
state problems by families of curves, as 
used by E. B. Shand and Nickle and Lawton 
in the papers referred to in Table I, and by 
O. G. C. Dahl in his book ‘‘Electric Cir- 
cuits,” have good accuracy, as has also 
Professor Dahl’s synchronous reactance 
method described in ELEcTRICAL ENGI- 
NEERING, April 1934, p. 604. A method 
will shortly be published by C. Kingsley, 
of Massachusetts Institute of Technology, 
which does not sacrifice accuracy and which 
gives good promise of shortening the time 
of computation materially. 

The alternative method of computing the 
general contents of a transmission system, 
published in A.I.E.E. TRANs., v. 41, 1922, 
p. 781-4, and mentioned in my paper, is 
for series connections and not for the calcu- 
lation of branches in parallel. 


Irregular Windings in Wound 
Rotor Induction Motors 


Discussion and authors’ closure of a paper by 
R. E. Hellmund and C. G. Veinott published 
in the February 1934 issue, p. 342-6, and 
presented for oral discussion at the electrical 
machinery session of the North Eastern Dis- 
trict meeting, Worcester, Mass., May 18,1934. 


P. L. Alger: I have been interested in the 
theory of irregular polyphase windings 
for many years, and have tried to develop 
systematic methods of determining the 
optimum distributions for least reactance, 
least magnetic vibration, least unbalance, 
and least stray load losses. Prof. A. A. 
Bennett has worked with me in this field, 
and has derived some very interesting 
results, but we have never been sufficiently 
satisfied with their form to publish them. 

Of the published methods for calculating 
the differential leakage reactance, I have 
found that given by Chapman in his 
“London Electrician’ article of 1916 the 
most satisfactory, as developed (p. 508) in 
my paper ‘“‘The Calculation of the Armature 
Reactance of Synchronous Machines” in the 
A.I.E.E. TRANS., v. 47, 1928, p. 493-513. 
My conclusions at that time were that the 
differential leakage for a regular 3-phase 
winding is best calculated by formula 17a, 
and that the leakage for an irregular bal- 
anced winding can be taken as roughly 
twice that given by this same formula 
(p. 503). This formula gives for the 
regular 6-pole, 3-phase, 36-slot, 5/¢-pitch 
stator winding of the motor described in 
this paper a differential leakage reactance 
equal to 


= wv 
yb a Re oe 
130? i 
Xp = age Ss eae 
_, oT 
sin 12 


where Xy is the magnetizing reactance of 
the motor per phase. 

For the balanced, irregular, 27-slot, 
8/,-pitch rotor winding, the formula gives 


—1 ]Xm=0.040X y 


and we may take twice this, or 0.080 X y, 
as the expected result. 

For the irregular, unbalanced, 24-slot, 
full pitch rotor winding, the formula gives 


243 


The fact that this winding is unbalanced 
as well as irregular will appreciably increase 
the differential reactance, so we may arbi- 
trarily take the expected result as 2.5 times 
this, or 0.145 X yy. 

From the test power factor and imped- 
ance results given in the paper, I estimate 
the no-load current of the motor must have 
been close to 2.5 amp, giving a magnetizing 
reactance per phase wye of 52 ohms. On 
this basis, the total differential leakage 
reactance of the motor with the 27-slot rotor 
in place should have been 


(0.023 + 0.080)(52) = 5.4 ohms 
and with the 24-slot rotor 
(0.023 + 0.145)(52) = 8.7 ohms 


which compare with the total reactance 
values derived by the authors from break- 
down torque tests of 6.6 and 9.8 ohms, 
respectively. The relatively small slot 
and end leakage reactance, which should 
be the same for both rotors, readily accounts 
for the difference of 1.2 ohms between the 
calculated and test results. 

No claim is made that this method of 
calculating the differential leakage reactance 
is accurate, since the arbitrary factors of 2 
and 2.5, respectively, are used regardless of 
the many variations in winding distribution 
pattern that can be selected. The check is 
sufficiently close, however, to show that the 
previously published article affords a prac- 
tical means of estimating the performance 
of such irregular windings. 


2 
eee (a sin 7-1) Xu = 0.058X 4 


C. J. Koch: Although the subject of 
irregular windings has received considerable 
attention in the past, the same study has 
not been extended to those windings which 
are unbalanced as well as irregular. The 
present paper constitutes an addition to 
this study. 

When the number of poles, slots, and 
phases is such that the winding will be un- 
balanced as well as irregular, there are a 
great many possible groupings of the stator 
coils. In the past the designer has usually 
striven to arrange this group so that the 
3 phases are as nearly as possible displaced 
120 electrical degrees from one another. 

There is a growing realization that a 
winding so distributed is not always the 
best, as it is often more desirable to mini- 
mize the additional differential leakage 
reactance and to minimize the noise. 

In general, the differential leakage re- 
actance of any winding may be defined as 
the sum of the magnetizing reactances of 
all the harmonic fields produced. As an 
alternative to the method described by the 
authors, the additional leakage reactance of 
an irregular winding may be calculated by 
determining the pitch and distribution con- 
stants of all harmonic fields produced, and 
then summing up their magnetizing react- 
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ances. This method is somewhat laborious 
_ but it has the advantage that it gives at the 
same time an idea of the relative magnitudes 
of the hartonic fields that will be present. 
This is a decided advantage in passing 
judgment on the noise qualities of the 
motor which will result. For example, in 
laying out a 12-pole, 120-slot, 3-phase 
winding, from the point of view of quiet 
operation, it is much more important to 
minimize the 8-, 10-, 14-, and 16-pole 
fluxes than it is to balance up the 3-phase 
currents exactly. 

At the present time, when the designer is 
being called upon more and more to improve 
characteristics without the use of additional 
material, and to reduce the noise produced 
by motors, there results a growing tendency 
to increase sufficiently the variety of punch- 
ings used to eliminate windings of the ir- 
regular unbalanced type. 


C. G. Veinott: Mr. Koch and I are in 
complete agreement on the fact that the 
presence of only a slight voltage unbalance 
in an irregular winding is not a reliable 
indication that the winding is satisfactory 
and also we are in agreement that there is 
a growing tendency to discontinue the use 
of irregular unbalanced windings. 

Mr. Koch, by his definition, includes the 
zigzag leakage in the differential leakage. 
There has been much confusion on this 
subject because some authors do not include 
the zigzag leakage and others do. Mr. 
Alger, in his 1928 paper on synchronous 
machine reactance, considers air gap leakage 
as being made up of 2 components, namely, 
zigzag leakage and belt leakage. 

Mr. Hellmund and I have brought out 
that in the case of irregular windings, there 
is yet a third component of the air gap 
leakage which, to our knowledge, has never 
before been mentioned in literature. This 
might well be called irregular distribution 
leakage; and how to calculate its exact 
magnitude may well be left for future in- 
vestigation. 

The following distinctions between the 
- 8 components of air gap leakage should be 
noted. Zigzag leakage varies cyclically 
through a slot pitch (unless the effect is 
averaged out by skewing). Belt leakage, 
as commonly understood, varies cyclically 
through a phase belt. The irregular dis- 
tribution leakage varies cyclically through 
a greater distance; it may be a pole pitch 
or even a complete revolution of the rotor, 
if both windings are irregular. Another 
distinction is to be noted: while zigzag 
and belt leakage vary with rotor position, 
they do not unbalance the phases as does 
irregular distribution leakage. Irregular 
distribution leakage is present in both the 
27-slot irregular balanced winding and the 
irregular, unbalanced 24-slot winding 
though, in the former case, for practical 
purposes it is negligible. 

Mr. Alger mentions his formula for calcu- 
lating the differential leakage of a regular 
polyphase winding, a formula he developed 
in 1928 for his paper on synchronous ma- 
chine reactance. I think he must have 
made a slight error when he calculated the 
differential leakage coefficients for fictitious 
regular 27-slot and 24-slot windings, for 
his figures of 0.040 and 0.058 would appar- 
ently indicate a difference of 45 per cent in 
differential leakage due solely to this slight 
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difference in number of slots and chording. 
I compute coefficients of 0.0500 and 0.0587 
for the 27- and 24-slot windings, respec- 
tively, when I use his formula. 

Mr. Hellmund published figures on 
differential leakage coefficients in regular 
polyphase windings in his E.T.Z. article 
of 1909 (see reference 5). In this article, 
Mr. Hellmund does not include the zigzag 
as a part of the differential leakage. I 
calculated the zigzag leakage by means of 
Adam’s formulas (see reference 1) in order 
to compare Mr. Alger’s and Mr. Hellmund’s 
figures. An interesting comparison of the 
total air gap leakage coefficient as computed 
by the separate methods of Adams in 1904 
and Hellmund’s in 1909 with Alger’s for- 
mula published 19 years later is given in 
Table I. 


Table | 
With With 
27-Slot 24-Slot 
Rotor Rotor 
Zigzag coefficient (Adams)... .0.0550... .0.0680 
Belt leakage coefficient for 
stator (Hellmund).........0.0055....0.0055 
Belt leakage coefficient for 
rotor (Hellmund)..........0.0070....0.0075 


Total air gap leakage coeff. 

(Adams & Hellmund)......0.0675....0.0 
Diff. leakage of stator (Alger). .0.0230. .. .0.6230 
Diff. leakage of rotor (Alger). .0.0500... .0.0 


Total air gap leakage coeff. 


(Allges) erica ters aks eee On Od carrer O JOS Ly 


The check is truly remarkabie! The 
figures given by Hellmund and Adams show 
that in these cases more than 80 per cent 
of the ‘‘air gap leakage’’ is due to zigzag. 
Mr. Alger’s figures show that in both cases, 
the rotor contributes twice as much as the 
stator to the “air gap leakage.” 

I do not think that any multiplying 
factor should be applied to the 27-slot 
winding but that Mr. Alger’s suggested 
figure of 2 might be applied to the 24-slot 
winding. On this basis, I find the calcu- 
lated leakage reactances in ohms to be as 
follows: 


27-Slot 24-Slot 

Rotor Rotor 

Magnetizing reactance.......... 47.40... .44.20 
Slot & End Leakage... 2.0... .< rs Raiealieys vihn OE 
Stator ‘diff. leakage’ (Alger)... 1.09.... 1.02 
Rotoridifisleakagey. s-ee)6 sees inoue O20 
ED otal raciorcs7ecierene 6200s 8.00 

Test Reactance.... 6.60.... 9.85 
Difference.... 0.60.... 0.89 


The slight difference between tested and 
calculated results is more than explained 
by the skewing of the rotors. So, therefore, 
the additional results given above further 
corroborate our conclusions given in the 
paper that the differential leakage of the 
27-slot winding, despite its irregularity of 
distribution, is not appreciably different 
from what it would be if it were a regular 
winding in 27-slots, but the 24-slot winding 
has a large component of differential leakage 
which would not be present in a regular 
winding. The paper gives means for pre- 
dicting when large additional leakage is to 
be expected and some idea, by comparison 
with the differential leakage for an equiva- 
lent regular winding, how large this addi- 
tional leakage may be. 


Stray Load Loss Test 


on Induction Machines 


Discussion and authors’ closure of a paper by 
T. H. Morgan and P. M. Narbutovskih pub- 
lished in the February 1934 issue, p. 286- 
90, and presented for oral discussion at the 
electrical machinery session of the North 
Eastern District meeting, Worcester, Mass., 
May 18, 1934. 


P. L. Alger: I welcome this paper, as I 
believe the college laboratories can con- 
tribute much to the electrical industry by 
undertaking more searching and making 
analytical measurements of the power 
losses in machinery. Under the pressure 
of commercial requirements in industry, 
there is a tendency to be impatient of 
details, and to rest content with superficial 
methods so long as there is no obvious 
commercial advantage to be gained by 
greater precision. The student seeking 
knowledge regardless of its immediate 
commercial value, by examining into details 
of the most familiar processes, can often 
discover more new and useful information 
than by any amount of searching in entirely 
new fields. 

Professor Morgan’s paper is particularly 
timely, as it is presented just when com- 
mittees of the N.E.M.A. and the A.I.E.E. 
are endeavoring to formulate a test code 
including practical methods for measuring 
stray load losses in induction machines. 
Up to the present time, these very elusive 
losses have been neglected in the Institute 
Standards, simply because there was no 
convenient means of determining them. 
While the value of stray loss found in the 
motors tested by the authors is very much 
higher than in usual designs, the fact that 
stray load losses of 1 per cent in large 
machines and up to 4 per cent in small 
motors are commonly present shows that 
it is desirable to include them in all effi- 
ciency determinations. 

There are 2 fundamentally distinct 
methods of measuring stray load loss. One 
is to measure the loss exactly as it occurs 
under operating conditions, by means of 
input-output or other direct loading tests. 
All such methods involve difficulties and 
inaccuracies, because the result must be 
obtained by measuring a small difference 
between the quantities. The simple dyna- 
mometer test, in which the motor input 
is measured with wattmeters and its output 
by torque and speed measurements, in- 
volves numerous sources of error and is 
satisfactory only for small machines. By 
repeating the dynamometer test with power 
flow reversed, using the motor as a genera- 
tor, and averaging with the results of the 
motor test, the errors can be greatly reduced. 
In this way, for example, if the mechanical 
power as measured is too low, or the elec- 
trical power too high, the motoring losses 
will be higher and the generating losses 
lower than their true values, but the average 
will be closely correct. By the authors’ 
pump back scheme the errors are further 
reduced, since all power measurements are 
made with the same meters. In our experi- 
ence, the greatest accuracy with direct 
measurements has been obtained by a pump 
back test, in which the duplicate machines 
are rigidly connected on the same shaft and 
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are fed from two sources of power of slightly 
different frequencies. 

A fundamentally different method is to 
measure exactly an artificially produced loss 
that is nearly the same as the actual stray 
load loss. This can be done, for example, 
by measuring the rotational loss produced 
when the machine is excited with direct 
current and separately driven. This “short 
circuit core loss’? method is used with excel- 
lent results on synchronous machines, and 
in our experience has been found very satis- 
factory for induction machines also. Tests 
have indicated in fact that the stray load 
loss produced by a given current is very 
nearly the same over a wide range of im- 
pressed voltage and flux of the machine. 

While the layman will naturally prefer 
the former method, thinking the test in- 
accuracy less objectionable than an un- 
known discrepancy between the real and 
the equivalent loss, the designer will often 
prefer the latter method, which gives a 
definitely repeatable result. 

The new test code in process of formula- 
tion should rightly include each of these 
methods of test for use and its proper 
range of application. It is to be hoped, 
therefore, that others will follow Professor 
Morgan’s example of making directly com- 
parable tests by various methods, so that 
the industry may soon develop confidence 
in and actually adopt stray load loss meas- 
urements as a regular part of efficiency 
determinations. 


P. M. Narbutovskih: I would like to make 
a few comments concerning the method of 
dividing the stray load loss between the 2 
machines. Of the 2 methods suggested in 
the paper, the graphical one is the most 
accurate for, assuming an accurate drafts- 
manship, any desired precision in the final 
curve E (Fig. 2) can be obtained by suc- 
cessive approximations; yet in engineering 
practice it may appear somewhat long and 
cumbersome. Besides, it requires a con- 
tinuous curve representing the stray load 
loss as a function of the sum of machine 
currents. In view of this the remarks I 
wish to make concern the value of the 
numerical method suggested in the paper, 
where the stray load loss is assumed to 
be proportional to the square of the load 
current. This method is quite simple and 
the stray load loss can be divided even if 
only one value of it for some particular 
value of load is available. 

On the basis of the above assumption the 
division of load between the 2 machines 
can be obtained from the following relations: 
for certain values of the motor load current 
(Im), and the generator load current (J,) 
let the value of the stray load loss in both 


machines be A=L,-+L,. Then we 
can write 2 simultaneous equations: 
Ent £, =A 
ibe thee 
SELLS ee 2 
IE T,? es 
Solving these equations for L,,, 
AK? 
aes + K? 


A curve of the stray load loss (curve F) 
as a function of current obtained by this 
method is shown in Fig. 6. Curve E is 
obtained by the graphical method as de- 
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scribed in the paper, and is plotted here 
for comparison, As may be seen from the 
graph, the difference between the 2 curves 
is quite small. Expressed numerically it is 
of the order of 50 watts maximum for the 
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highest load, which constitutes approxi- 
mately 3 per cent of the stray load loss, 
1.7 per cent of the total loss, and 0.5 per 
cent of the motor efficiency. It appears 
that, for the particular motor considered, 
the discrepancy is within the limits of engi- 
neering accuracy. In case of motors with a 
low value of stray load loss the numerical 
method of loss division will, in all proba- 
bility, give practically the same value of 
motor efficiency as a graphical one. To 
reach a more definite and more general 
conclusion concerning the validity of the 
numerical method of loss division, more 
tests with motors of various sizes and types 
are necessary. 


Transformer Reactance and Losses 


With Nonuniform Windings 


Discussion and authors’ closure of a paper by 
H. O. Stephens published in the February 
1934 issue, p. 346-9, and presented for oral 
discussion at the electrical machinery session 
of the North Eastern District meeting, 
Worcester, Mass., May 18, 1934. 


A. Boyajian: Judging by the eminently 
readable style of the mathematical paper 
by Mr. Stephens (with not a single equation 
in it), one would hardly suspect the fact 
that it is a major contribution to the mathe- 
matics of reactance and as such, deserves 
to be studied in academic halls just as 
much as in engineering offices. It opens 
up a new field of mathematical research 
for engineering instructors and students, 
and may well form the subject matter for 
many theses. I wish, therefore, to make 
some comments that may be helpful to 
those who may wish to undertake such 
research, 

The method of calculation outlined by 
Mr. Stephens is not merely some little trick 
applicable to leakage reactance of concentric 
transformers, but is a method broadly 


applicable even to the  self-inductance 
problems in which there is apparently no 
question of leakage between 2 coils carrying 
opposite currents. For instance, if a 
solenoid is wound like a helix with consider- 
able pitch, so that the space between 
adjacent turns may not be ignored in the 
calculation of self-inductance, or again, if a 
cylindrical winding consists of a stack of 
disk coils with ventilating ducts between 
the disks, the effect of the gaps on the self- 
inductance of the winding can be calculated 
by resolving the winding into 2 components, 
one a uniform solenoid with no gaps, the 
other an interleaved transformer with alter- 
nate positive and negative ampere turns, in 
accordance with the method outlined in 
the paper. If classical methods are at- 
tempted, the calculation is very compli- 
cated, the complication increasing with the 
square of the number of the breaks in the 
solenoid. 

It is noteworthy that Mr. Stephens’ 
method is particularly simple and attrac- 
tive for numerical work in precisely those 
cases in which mutual inductance formulas 
would be most laborious. The converse is 
also true. Thus, when the cylindrical 
winding has considerable thickness, mutual 
inductance calculations for the different 
portions of the solenoid are extremely 
laborious, while leakage inductance calcu- 
lations are relatively simple; whereas, if the 
cylinder is very thin, mutual inductance 
formulas would not be so laborious to 
apply, while accurate leakage inductance 
calculation would be made difficult. 

In order to avoid futile efforts at im- 
possible applications, it may be well to 
point out that the very heart of the method 
is the resolution of the magnetic field into 
2 mutually perpendicular components. 
Consequently, the method in its simple 
form is not applicable if it is attempted to 
obtain 2 concentric components (or 2 inter- 
leaved components). The justification of 
the method in simple terms is that there 
can be no mutual effect between 2 com- 
ponents whose axes are at right angles to 
each other. This condition cannot be 
satisfied unless one component is axial, the 
other transverse. But if 2 concentric (or 
2 interleaved) components are attempted, 
their axes will be parallel, and there will be 
mutual reactance between the 2 compo- 
nents, which must be calculated and in- 
cluded in the total reactance. 

This method is found particularly useful 
whenever magnetic materials (like trans- 
former core) are in the neighborhood of the 
coils; it is so very much easier to take into 
account such effects on longitudinal and 
transverse components, than on the un- 
symmetrical coil arrangement directly. 

An interesting and useful academic prob- 
lem would be to determine the formal limits 
or conditions of the validity of the method 
as a broad mathematical method. Another 
interesting theoretical problem would be to 
analyze the transverse component of the 
magnetic field of a simple cylindrical finite 
solenoid in terms of Mr. Stephens’ concep- 
tions, and develop or reformulate appro- 
priate inductance formulas. 


E. A. Church: It would be of interest to 
operating engineers to have a _ simple 
formula, even though it may only be 
approximate, for determining the copper 
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loss in transformers operating on various 
tap connections when the copper loss on 
full winding only is known. Such a formula 
is suggested as follows: 


P= X(P,/X?) i P,/X 
where 


P =rated load copper loss in tapped 
winding 

P; = rated load copper loss in full winding 

X = fraction of winding in operation 


The above formula neglects any eddy 
current losses in the inactive part of the 
winding, or any change in eddy current 
losses in the active part caused by the 
irregularities of the windings. 

It would be of interest to have the author 
give an opinion as to the maximum error 
which would be likely to be made by using 
the above formula or suggest one which 
would be more accurate and yet could be 
applied with a reasonable amount of labor. 


H. B. Dwight: The ‘‘cross-flux’’ method 
of H. O. Stephens is a very ingenious and 
useful way of dealing with transformers. 
While it is characterized by simplicity, 
its accuracy has been tested by longer 
alternative calculations. It improves the 
* calculation of reactance and eddy current 
loss of practical transformers for which 
apparatus there is distinct necessity for 
this type of calculation. It does more than 
that, for it leads directly to the device of 
thinning out the turns opposite the tap 
sections, as illustrated in Fig. 4 of Mr. 
Stephens’ paper, and in this way the 
cross flux method leads to improved ap- 
paratus as well as to improved calculations. 


A. N. Garin: In common with many 
other impedance problems, the problem 
forming the subject of this paper can be 
analyzed using 2 fundamentally different 
methods, the so-called ‘‘field’”’ and ‘‘circuit”’ 
methods. The paper itself and the dis- 
cussions by A. Boyajian and by Prof. V. 
Karapetoff employ the ‘‘field’’ method of 
attack, which is well suited for the purpose 
of visualizing the physical phenomena 
responsible for additional reactance and 
eddy current losses. If, however, a quanti- 
tative analysis is desired, the “circuit” 
method of attack may be found to be pref- 
erable. Thus, it can be shown that in 
addition to the concentric and interleaved 
components taken into account by H. O. 
Stephens’ method, the total or effective 
reactance of concentric windings with non- 
uniform ampere turn distribution contains 
what may be called a ‘diagonal’? com- 
ponent. While the concentric and the 
interleaved components are always additive, 
the diagonal component may be either 
additive or subtractive. The absolute 
magnitude of the diagonal component de- 
pends on the proportions and configuration 
of windings and for winding arrangements 
considered in the paper it is negligibly 
small. This establishes both the validity 
of H. O. Stephens’ method of reactance 
calculation when applied to concentric 
windings with nonuniform ampere turn 
distribution and its limitations when ap- 
plied to other groupings of windings. 
From a practical standpoint the im- 
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portance of the method suggested by Mr. 
Stephens lies in the fact that no matter 
how unbalanced and nonuniform the dis- 
tribution of ampere turns in concentric 
windings, the reactance and the eddy cur- 
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reactances showing accuracy of H. O. 
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rent losses can be calculated with good 
engineering accuracy using only well-known 
and very simple formulas developed years 
ago for uniform concentric and interleaved 
windings. Only in exceptional cases, when 
still higher accuracy is desired, recourse 
must be had to more elaborate methods. 

The accompanying figure gives an idea 
of the accuracy of reactance values calcu- 
lated by H. O. Stephens’ method. The 
deviations of tested from calculated values 
are seen to be well within the standard 
N.E.M.A. tolerance for impedance of 
3-winding transformers. In any reactance 
calculation there must be of course a com- 
fortable margin between the accuracy of 
calculation and the maximum permissible 
deviation of tested from desired values 
because neither commercial tests nor the 
mechanical asseinbly of transformers are 
mathematically exact. 


H. H. Wagner: The calculation of the 
leakage flux circuit in transformers and of 
its effect on the reactance and eddy current 
loss has been, perhaps, the most elusive 
problem of transformer designers, and 
only gradually have the methods of such 
calculation been developed and improved. 
In this paper, Mr. Stephens has made one 
of the most important and practical contri- 
butions to transformer literature in recent 
years. His unique method of resolution 
of leakage flux into 2 perpendicular. com- 
ponents should find wide application among 
transformer design engineers, since the 
circular concentric coil construction is used 
in the majority of modern power trans- 
formers and is rapidly coming into favor 
also in distribution transformers. The 


paper, appropriately, points out in a concise 
and clear manner some of the fundamental 
differences in the concentric and inter- 
leaved types of construction, and some of 
the basic reasons why a concentric trans- 
former is inherently more rugged and simple 
than an interleaved transformer. 

Although the method of reactance calcu- 
lation is quite comprehensive, I believe that 
Mr. Stephens might be a little more specific 
in the application of interleaving reactance 
calculation, particularly with reference to 
obtaining the length of leakage path, since 
the conventional formula for this is usually 
not so accurate with the long and slender 
proportions of the “interleaved groups” 
which would occur in this method applied 
to the concentric winding. However, it is 
evident that a considerable per cent of 
error in the interleaved component would 
usually result in only a comparatively small 
error in the total reactance value since the 
interleaved component will usually be of 
the order of 10 per cent of the total re- 
actance. 

It seems that mention might also be made 
of what value to assign to the thickness of 
barrier between the interleaved groups; it 
would appear to be logical to use a value of 
zero for this term in the conventional 
formula. 

I believe that there is an error in the 
ratio given in step 5 of the method originally 
published; if the interleaved reactance 
component is calculated by using the total 
turns in the winding, it should be multiplied 

, (eee effective I 
gue ate total effective turns 
in order to convert it into percentage of line 
voltage. 


H.O.Stephens: Mr. Boyajian’s suggestion 
that a similar method of calculation might 
be used to determine the inductance of a 
solenoid or reactor having nonuniform 
distribution of turns and with appreciable 
radial build of windings appears to be 
sound. With equally accurate formulas 
for self- and mutual-inductances and for 
reactance of interleaved windings it ap- 
pears that the conventional method and 
the proposed method would yield equally 
accurate results. In order to check the 
accuracy of the method suggested by Mr. 
Boyajian, as applied to inductance I took 
the simple case of a 3-phase reactor with 
the phases coaxially mounted but con- 
nected in series and considered as one 
single-phase reactor. The insulation breaks 
between the middle and end phases con- 
stitute the irregularity. The calculated 
inductance by the conventional method 
was 1.2 per cent higher than the tested 
inductance and the calculated inductance 
by the proposed method was 0.8 per cent 
below the tested inductance. Either 
method is sufficiently accurate for all 
practical purposes and the method to be 
selected would probably be decided princi- 
pally by the relative familiarity of the 
calculator with the 2 methods as well as 
the degree of irregularity of the winding of 
the reactor. 

Mr. Church suggests a simple formula for 
determining the impedance loss of a trans- 
former operating with one of its windings 
connected on a tap when the impedance 
loss is known only for the full windings. 
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Any formula which does not take into 
account the peculiarities of the design, the 
irregularities of the windings, and the eddy 
current and stray losses can give only a 
rough approximation of the true losses. 
However, where operators desire this in- 
formation quickly extreme accuracy prob- 
ably is not required and the following for- 
mula will give a rough approximation of the 
required losses: 


XW+W 
Wr= aay 
where 
W = impedance watts on full windings 
Wr = impedance watts on desired tap 
X = fraction of tapped winding in opera- 
tion 


This formula assumes that the impedance 
losses are equally divided between the 2 
windings (seldom correct) and that the 
eddy current and stray losses are the same 
proportion of the total impedance watts on 
the tap as on the full winding (also seldom 


correct). 
Mr. Garin’s extreme case of the 3-winding 
transformer reactance shows that the 


method may be used to give commercially 
accurate results even for great irregularities, 
and it is very gratifying to find that this 
simplified method yields such accurate 
results for extreme irregularities. 

In preparing the paper all reactance 
formulas have been purposely omitted. 
There are so many details to cover that the 
paper otherwise would have been hope- 
lessly involved and probably less valuable. 
The paper presupposes that the designer 
has proper formulas for the calculation of 
interleaved and concentric reactances and 
that these give proper weight to long 
slender and short thick coils. In most 
cases the thickness of the barriers between 
the groups of the resultant interleaved 
components will be zero as Mr. Wagner 
suggests. Step 5 on p. 347 is correct for 
the conventional formulas that I use, 
which give the reactance in per cent of the 
voltage considered. The paper gives the 
method to be employed in resolving the 
reactance into the concentric and inter- 
leaved components. The designer must 
rationalize the method to suit his particular 
reactance formulas. 

Professor Karapetoff has suggested that 
unless one were very familiar with calcu- 
lating transformer reactances he might be 
very much at sea in attempting to apply 
the proposed method. This is absolutely 
true. The method presupposes a thorough 
knowledge of the conventional methods of 
calculating interleaved and concentric trans- 
former reactances so that the designer may 
use good engineering judgment in applying 
the proposed method. Professor Karapetoff 
also has suggested that the method might 
be used to advantage in determining the 
reactance between certain unbalanced wind- 
ings of induction motors. There are so 
many points of similarity between trans- 
former and induction motor theory that one 
is tempted to extend the methods employed 
in calculating one over to the other. In 
this case I would prefer to leave the answer 
to this question to the induction motor 
designer who undoubtedly has short cut 
methods of his own to solve his particular 
problems. 
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Distance Relay Action 
During Oscillations 


Discussion and authors’ closure of a paper 
by E. H. Bancker and E. M. Hunter published 
in the July 1934 issue, p. 1073-80, and pre- 
sented for oral discussion at the selected 
subjects session of the North Eastern District 
meeting, Worcester, Mass., May 16, 1934. 


F. J. Adams: This paper will be of 
considerable value to operating engineers 
in determining whether or not their systems 
can be satisfactorily protected by distance 
relays. The paper points out that there 
are conditions under which distance relays, 
as now used, may cause undesired breaker 
operations, during system swings or oscilla- 
tions. It also suggests ways of overcoming 
this difficulty. One cannot avoid the feel- 
ing, however, that distance relays are not 
the ultimate solution of transmission line 
protection. The idea of some sort of differ- 
ential relaying, using pilot wires or carrier 
current pilot circuits, still seems to offer 
some hope. Is it not possible that the 
development of thermionic vacuum tubes 
may lead to the development of some type 
of relay not now contemplated? To sum 
up, it seems that the door of opportunity is 
still open for the development of a system 
of protection for transmission lines more 
satisfactory than any now in use. 


G. A. Powell: This paper is a very timely 
addition to distance relay literature. The 
curves shown on Figs. 8 to 12 will materially 
reduce the calculations necessary to deter- 
mine whether or not distance relays in a 
given location are liable to cause unneces- 
sary tripping. The relaying of the inter- 
connection between the New York City 
system and the Niagara~-Hudson system 
involved the study of this problem. A 
large number of curves almost exactly like 
the ones shown on Fig. 5 of the paper were 
drawn. These curves showed conditions 
for different circuit loads both above and 
below the transient stability limits for 
different types of faults. A study of these 
curves showed that if distance relays were 
used at all of the stations on the 2-circuit 
interconnection, unnecessary and unde- 
sirable separations would occur under os- 
cillating conditions on the remaining cir- 
cuit immediately following the tripping of 
one of the circuits due to a fault. 

Various modified schemes of directional 
relaying were studied including a combina- 
tion of distance directional and standard 
power directional relays which limited the 
phase angle through which the distance 
relay could trip its switch. In addition, 
the distance relay was to be designed so 
that, after a definite time delay, the angle 
through which it normally operated was 
automatically changed in an effort to pre- 
vent its operation during load swings. 
This scheme appeared fairly satisfactory 
except that under some out-of-step condi- 
tions, tripping would occur at stations 
where it was not desired to trip. Further- 
more, correct operation of this scheme in- 
volved a race between the different relays 
with small margins of time and phase angle. 

From the knowledge gained in the above 
study, I am not sure that the authors’ 
proposed use of a true power relay as a 


blocking relay, even if its action is delayed, 
will make it desirable to use distance relays 
in all cases. In practical application it 
will be difficult to obtain a watt and a time 
setting for the blocking relay which will 
give the desired results, particularly where 
relays must be set to give satisfactory pro- 
tection with single line operation as well as 
double line operation. I believe it highly 
desirable to separate at some predetermined 
point depending upon system connections, 
and for this reason agree with the authors 
that for automatically separating under 
out-of-step conditions the use of an out-of- 
step relay especially designed for the pur- 
pose offers the best solution. Having pro- 
vided this relay for out-of-step tripping at a 
predetermined point, it would be highly ob- 
jectionable to have the distance relays at 
some other station trip at the same time as 
the out-of-step relay. 

The use of the carrier current pilot relay- 
ing scheme appears to offer the most de- 
pendable relay scheme for protecting im- 
portant circuits which are subject to os- 
cillating and out-of-step conditions. The 
addition of an independent out-of-step relay 
to the standard directional relays con- 
trolled by carrier would make this scheme 
almost ideal. 


G. W. Gerell: Previous to the construc- 
tion and interconnection of the Osage 
Hydroelectric plant in 1931, experiences 
with unstable systems had been rather 
meager. It was well recognized that we 
would not be immune to these troubles 
unless proper remedial measures were taken 
to eliminate them. All new circuits and 
equipment were, therefore, provided with 
high speed relays and oil switches, and all 
of the existing circuits comprising the 
major transmission system were similarly 
equipped. It was believed that high volt- 
age buses and radial feeders should also be 
provided with high speed protective equip- 
ment, but it could not be economically 
justified at that time. 

For reference in the following discussion 
a one line diagram of the major 60 cycle 
transmission system is shown (Fig. 1). 
During the last 3 years of operation of this 
system there have been 3 cases of trouble 
resulting in an unstable condition. In all 
3 cases the fault occurred on the 66-kv 
system, one also involving the 13.8-kv 
system at the Page Ave. station, and 
under such conditions that the high speed 
relays did not have an opportunity to 
function. The faulty circuits in each case 
were properly isolated, but, in addition, the 
impedance relays on the Osage-Page lines 
operated to clear this circuit at both ends. 
The reactance relays at the Cahokia station 
on the Rivermines lines also operated in 2 
instances. 

The results of an a-c calculating board 
study for one particular case showed that the 
system actually became unstable. Deter- 
mination of current and voltage relations 
at the relay stations explained the operation 
of the impedance relays on the Osage-Page 
lines and also the operation of the reactance 
relays on the Rivermines lines at Cahokia. 
All instability cases which we have ex- 
perienced have occurred for faults elec- 
trically close to the Venice station, and in 
each case the distance relay operations have 
been identical and at relay stations nearest 
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to the fault, although outside of the section 
upon which the fault occurred. 

In order to prevent the recurrence of such 
troubles on our system, we have endeavored 
to provide high speed relay equipments at 
all points which were not previously 
equipped at the time of the Osage inter- 
connection. This included the installation 
of differential protection on the 66-kv buses 
at Cahokia and Venice and the installation 
of high speed ground relays to a number of 
radial feeder circuits from these buses. A 
number of other improvements have been 
made on the relay system, particularly in 
régard to the high speed protection of trans- 
former banks. 

At the present time, our protective equip- 
ment will, with very few exceptions, clear 
faults on the 66- and 132-kv systems in 
less than 0.8 second. Most transmission 
line faults are isolated in 0.15 second with 
negligible disturbance to the system. 
Stability studies substantiated by recent 
experiences indicate that switching times 
of this order are amply fast to prevent 
instability of the system during fault condi- 
tions. Incidentally, it is of interest to note 
that several automatic oscillographs located 
at strategic points have been invaluable in 
providing us with data concerning instabil- 
ity phenomena and have been the basis 
upon which several improvements were 
made to the relay system. 


H. R. Stewart: May I call attention to an 
additional matter which has been experi- 
enced on one or 2 systems when an un- 
balanced fault on a low tension bus or feeder 
has been delayed in clearing, with the result 
that the 2 ends of the system reached a 180 
deg out-of-phase condition before the fault 
was cleared. Under this condition the 
positive sequence voltage at one end of the 
system is opposite and approximately equal 
to that at the other end of the system and 
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passes through zero at the electrical center; 
the negative sequence voltage is zero at the 
2 ends, and is a maximum at the point of 
fault. Therefore, there is a zone where the 
negative sequence voltage exceeds the 
positive sequence voltage, giving the effect 
of reversed phase rotation of the voltage. 
The result of this is incorrect operation of 
one or more of the relay directional elements 
at each line terminal in this zone, with 
consequent increased undesirable tripping 
of breakers if the associated distance ele- 
ments are also in position to trip. 

I note that in comparing the action of 
reactance and impedance relays under out- 
of-step conditions, the authors use a setting 
on the impedance relay of equal sensitivity 
to that of the starting unit of the reactance 
relay. In view of the fact that in practice 
the starting unit of the reactance relay is 
set to reach out over approximately 21/, 
line sections, and is thus set more sensi- 
tively than an impedance relay which is 
set to reach out over 80 per cent of a line 
section, is the comparison of practical value? 
Should not the comparison be made on the 
basis of settings which would be used under 
operating conditions? 


Giuseppe Calabrese: The rapid increase 
in the number of interconnections which 
has taken place in the past years has made 
it evident that protective relays should 
operate correctly, not only during faults, 
but during swings and out-of-step condi- 
tions as well. Thus it is gratifying that a 
paper such as the one presented by Messrs. 
Bancker and Hunter should be submitted 
before the Institute. The analysis made 
during the past 10 years of the problem of 
stability and the factors affecting it has led 
to operating improvements and increased 
service continuity. The stability analysis, 
however, has stopped at the point where the 
machine either remains in step or loses syn- 


chronism. To my knowledge, with the 
exception of a few sporadic papers, no sys- 
tematic analysis is available of what hap- 
pens afterward. I believe, therefore, that 
its extension to cover the period after syn- 
chronism is lost would be useful as it would 
undoubtedly lead to additional improve- 
ments, probably as important as those 
brought about by the systematic study of 
the stability problem. 


A short time ago, the engineers of the 
New York Edison and the Niagara-Hudson 
systems were faced with the same problem 
as that treated by the authors, in studying 
the protection of the 132-kv interconnection 
between these 2 systems. A detailed analy- 
sis of a scheme of protection with distance 
relays of the reactance type was made. It 
was found that the scheme, though satis- 
factory during faults, would have given rise 
under certain conditions to incorrect trip- 
ping during swings. Furthermore, during 
out-of-step conditions, the separation of the 
2 systems might have occurred at points 
other than the desired ones. For these 
reasons, the scheme was abandoned al- 
together and the high frequency carrier 
protection was used. The details of the 
protection of this interconnection will be 
described in a paper that is planned for sub- 
mission before the Institute in the near 
future. 


One point I wish to emphasize concerning 
the performance of distance relays during 
swings and out-of-step conditions is the 
effect of the current transformer connec- 
tions. The performance of the directional 
unit and the ohms indicated by the ohm 
unit depend on the potential and current 
transformer connections as well as on their 
ratios and relay location. As an illustra- 
tion, there may be mentioned the case of a 
reactance relay used on a pure reactance tie 
line between 2 systems of equal internal 
voltage. In such a case, the reactance 
center and the electrical center coincide. 
If the current transformers are connected 
in delta, the ohm indication during swings 
and out-of-step conditions is equal to the 
reactance of the tie line between the relay 
location and the reactance center. This is 
evident from Fig. 2 in which E is the magni- 
tude of the line to neutral voltages of sys- 
tems Nos. 1 and 2; @ the angle by which 
system No. 1 leads No. 2 at the instant 
considered; J the current flowing from 
system No. 1 to No. 2; E, the line to neu- 
tral voltage at the relay location; X, 
reactance of the tie between the location of 
the relay and the reactance center; 06, 
the angle between E, and J. With poten- 
tial and current transformers both con- 
nected in delta, the ohms measured by the 


V/3 E, 
Aa 


that is, to X,, as seen from the triangle 
RCO in Fig. 2. If the settings of the relay 
are smaller than this reactance, the relay 
will never trip during swings and out-of- 
step conditions. If the potential trans- 
formers are connected in delta and the cur- 
rent transformers in wye, the ohms measured 
by the relay during swings and out-of-step 


V3 E, 


relay are proportional to sin 06, 


conditions are proportional to sin 
(0, + 30°). With this connection, there- 
fore, the ohms which the relay measures 
are not constant but vary as the angle be- 
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tween the 2 systems changes and may be- 
come less than the value for which the relay 
is set, thus resulting in an undesirable trip- 
ping operation. 

Another point I wish to discuss concerns 
the use of a true power relay with circuit 
opening contacts to block out distance 
relays in order to prevent tripping during 
swings. It is stated that the setting of the 
true power relay should be “high enough so 
that there would be no danger of blocking on 
high resistance faults.’’ It is assumed that 
the high resistance faults referred to in the 
paper are arcing faults, involving 2 or 3 
conductors. Of course, arcing faults involv- 
ing 2 conductors are unbalanced. As to 
arcing faults involving all 3 phases, it seems 
highly improbable that such faults will 
ever be balanced. In those few cases, when 
they occur, in all probability they are un- 
balanced. Therefore, as all unbalanced 
faults produce negative sequence voltages, 


ae = 


Ee? eg! |C REACTANCE CENTER 


\ 


) 
Fig. 2. A reactance relay example assuming 


a pure reactance tie line between 2 systems 
of equal internal voltage 


it would be entirely feasible to avoid the 
undesirable high setting of the power relay 
by paralleling the trip contacts of the latter 
with those of a sensitively set negative se- 
quence relay with circuit closing contacts, 
both sets of contacts being connected in 
series with those of the reactance relay. 
With this arrangement, the pick-up of the 
true power relay must be only high enough 
to prevent the relay from picking up with 
3-phase dead short circuits. All unbalanced 
faults, 2 phase or 3 phase, would be detected 
by the distance relay through the contacts 
of the negative sequence relay, irrespective 
of the action of the true power relay. 
Three-phase dead short circuits would be 
detected through the contacts of the true 
power relay. Power swings above the 
setting of the true power relay and out-of- 
step conditions would not cause incorrect 
trippings regardless of the ohms measured 
by the distance relay, as the negative se- 
quence relay would be inoperative and the 
true power relay energized, thus blocking 
the trip circuit of the distance relay. Dur- 
ing power swings below the pick-up of the 
true power relay, the distance relay would 
not be blocked out. However, with the 
power relay pick-up maintained sufficiently 
low, these swings would be but small and 
therefore would not cause distance relays to 
pick up. 
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The curves showing the performance of 
impedance and reactance relays under 
various operating conditions should be of 
great assistance in the application of pro- 
tective equipment. It would be very help- 
ful if the authors had given the formulas 
on which the curves are based in order that 
their limitations may be more clearly 
understood. 

Referring to the method suggested by the 
authors for calculating the maximum stable 
angle, also not specifically stated in the 
paper, I assume that whenever an initial 
and a final condition are involved, the 
calculation must be made on the basis of 
the final and not on the basis of the initial 
condition. 

Regarding out-of-step relays as applied 
to interconnections between 2 large sys- 
tems, it may be mentioned that with the 
high frequency carrier scheme of protection, 
it is possible, under favorable conditions, to 
incorporate the out-of-step feature in the 
scheme itself without additional equipment 
other than that required by consideration of 
protection against faults. This was found 
to be possible in the case of the interconnec- 
tion between the New York Edison and the 
Niagara-Hudson systems and will be de- 
scribed in detail in the paper under prepara- 
tion. 


E. H. Bancker and E. M. Hunter: The 
authors are entirely in sympathy with the 
suggestion made by Messrs. Adams, Powell, 
and Calabrese that the best solution to avoid 
false operation of distance relays during 
swings is the use of a pilot system of relay- 
ing instead. Some pilot systems would be 
entirely impervious to either oscillation or 
out-of-step currents, while others which 
would not inherently be immune can be 
rendered so. The suggestion of a change to 
a more stable form of relaying as a solution 
was not included in the paper as its purpose 
was primarily to assist in studies of distance 
relays already in use and to suggest, such 
remedial measures as might be applied in 
case they were found to be in any danger of 
tripping incorrectly. 

The authors also subscribe fully to Mr. 
Gerrell’s commendation of the use of auto- 
matic oscillographs. Prior to their adop- 
tion, any analysis of what actually happened 
during system disturbances was much more 
a matter of guesswork and conjecture than 
of real knowledge. Even the comparatively 
few automatic oscillographs now in use have 
been almost invaluable in giving fundamen- 
tal information from which a real analysis 
of the events which occur throughout the 
disturbance might be made. 

Mr. Stewart questions the utility of the 
comparison made in Fig. 7 between im- 
pedance relays having equal sensitivity 
with the starting unit of reactance relays. 
The purpose of this comparison was 
chiefly to bring out the effect of relay loca- 
tion upon the 2 types of devices and naturally 
such effect could be studied much more 
easily if the relays were brought to a com- 
mon basis in all other respects. However, 
the behavior of the starting unit of a re- 
actance relay is a rather difficult matter to 
describe because its minimum operating 
amperes are a function of both volts and 
power factor, both of which change with 
relay location. The impedance relay is 
affected only by voltage which, of course, 


changes with location. Because of the 
double effect of location upon the reactance 
relay starting unit, it may under fault condi- 
tions be able to cover about 2 line sections 
(9.6 ohms) and yet be no more sensitive to 
swings than an impedance relay set for 4.8 
ohms, a setting which might be required ona 
long line. Hence the starting unit will 
cover 2 or more line sections as Mr. Stewart 
says and the impedance relay is set only for 
the impedance of its own line section, and 
yet under oscillating conditions the 2 have 
equal sensitivity. For any real study, 
however, the actual settings of the relays 
should be used in conjunction with Figs. 
8 to 12. 

Mr. Calabrese’s statement regarding the 
use of final conditions is correct. The usual 
cause for a system oscillation is a short 
circuit and it is presumed that the faulted 
line will be disconnected by its protective 
relays. Therefore, the determination of the 
maximum stable angle must be made with 
the faulted line out of service, or as Mr. 
Calabrese says, using the final condition of 
system set-up. 3 

Curves of the paper were actually calcu- 
lated from the pickup current vs. voltage 
curves of the different elements. This is 
the only convenient way of deriving the 
curve for the GAX type because of its non- 
linear potential coil circuit. The linear cir- 
cuits of the impedance and GCX relay start- 
ing units make it possible to give an equa- 
tion for them. For the impedance relay, 
the minimum operating current expressed 
as a function of the displacement angle, 
the relay location with respect to the 
electrical center, and the setting of the relay 
is given by the following equation: 


_ NGG) 
> Z 


x 
where @ is the displacement angle; XY is 


the per-unit relay distance from the elec- 
trical center, and Z is the maximum im- 
pedance for which the element is set. 

For the GCX starting unit using the 
same terminology, the minimum operating 
current is 


6 \?2 Xe OiaNe 
(cos 5) + (3 sin 5) 
= pa te i OS 


9.6 z sin 5 

It may be of interest to note in con- 
nection with this element that the maximum 
sensitivity is attained by a relay located 
at such a point that the angle between the 
relay voltage and the voltage of the elec- 
trical center is 45 deg. This figure obtains 
regardless of the total displacement angle, 
so that the location of the most sensitive 
relay during a swing progresses from some 
imaginary point outside of the generator 
side of the system down to the electrical 
center. 

As stated in the text of the paper, the 
curves apply to relays so connected that the 
maximum torque occurs at the natural angle 
of lag of the system using either wye volts 
and amperes or delta volts and amperes. 
Calculations can be made of the action of 
relays using delta volts and wye amperes, 
but they are complicated by the addition of 
the 30-deg displacement angle mentioned by 
Mr. Calabrese. 
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Iron Shielding 
for Telephone Cables 


Discussion and authors’ closure of a paper by 
H. R. Moore published in the February 1934 
issue, p. 274-80, and presented for oral 
discussion at the communication session of 
the summer convention, Hot Springs, Va., 
June 27, 1934. 


I. C. Forshee and K. L. Maurer: In con- 
nection with the electrification of the 
Philadelphia-Norristown section of the 
Wilkes-Barre division of the Pennsylvania 
Railroad in 1930, the railroad’s open-wire 
communication circuits were replaced by 
an aerial tape-armored lead sheath cable, 
similar in make-up to the cables described 
in the paper, in order to secure protection 
against voltages induced by the electri- 
fication. This aerial installation, about 
16 miles in length, extends over the greater 
part of the electrified section. The cable 
is paper insulated and contains 12 quads of 
No. 138 AWG conductors. The lead sheath 
has a nominal thickness of 1/3 in., an out- 
side diameter of 1°/i5 in., and is covered 
with a double layer of spirally wound gal- 
vanized steel tapes 0.043 in. thick and 13/, 
in. wide. Sheath and armor are bonded 
together at every splice and both are 
connected to the electrified tracks through 
signal impedance bonds at intervals of 1 
to 2 miles. On account of the relatively 
small size of the cable sheath, additional 
shielding was provided for by placing 2 
4/0 copper shield wires on the same pole 
line about 18 in. above the cable. These 
shield wires also are connected to the tracks 
at impedance bonds. 

The electrification system consists of an 
11,000-volt 25-cycle trolley over each of 
‘the 2 tracks and 2 25-cycle 1382-kv trans- 
mission lines on the same structures that 
support the trolleys. The communication 
cable and a braid covered signal cable are 
each suspended from a steel messenger 
carried on wood poles just outside the 
catenary supports. 

Before the electrification was placed in 
operation, a number of tests in which the 
American Telephone and Telegraph Com- 
pany codperated were conducted to de- 
termine the merit of this arrangement of 
shields in limiting voltages induced in the 
communication circuits. A test section 
about 1,500 ft long was used, at the ends of 
which insulating joints were cut into the 
cable sheath and armor, and insulators in 
the 2 cable messengers and the 2 shield 
wires. Inside the test section, with the 
exception of the tape armored cable and its 
messenger, all metallic connections between 
the shields were removed. With one of the 
trolleys energized to the tracks at low 
current over most of the electrified section, 
the 25-cycle induced voltages in the com- 
munication conductors were measured with 
the shields successively in and out of the 
circuit. These tests showed a shield factor 
for the entire combination of 0.44 for the 
induced voltage referred to the tracks and 
0.30 for the induced voltage referred to 
ground connections about 100 ft away from 
the tracks. This shield factor was ob- 
served with a testing current of approxi- 
mately 30 amp in the trolley, and the 
figure is thus for the condition of low cur- 
rent in the sheath of the tape armored 
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cable. With sheath currents that would 
correspond to operating conditions or short 
circuit conditions on the electrification, the 
contribution to the total shielding made by 
the tape armored cable would be consider- 
ably larger than under the test conditions 
so that the combined shield factor would be 
expected to be smaller than the above test 
factors. It was not possible under the test 
conditions available to determine precisely 
what proportion of the total shielding was 
contributed by the tape armored cable. 
Indications are, however, that under the 
test conditions, the shield factor due to the 
tape aimored cable alone was about 0.6 
with voltages referred to the tracks and 
something less than this with voltages 
referred to a ground independent of the 
tracks. From laboratory tests made by 
Mr. Moore on a sample of this cable 
(sample No. 11 in Table I of the paper), 
it is estimated that under normal operating 
conditions on the electrification the 25-cycle 
shield factor of the tape armored cable by 
itself would average about 0.4, and under 
short-circuit conditions about 0.2. 

Under the field test conditions, the 
shielding was larger for voltages referred 
to ground connections independent of the 
track return system than for voltagesreferred 
to the track return system. This condition 
results from the fact that with the shielding 
system connected to the tracks the shielding 
current under the test conditions was deter- 
mined partly by induction along the sheath 
and partly by the potential difference 
between track and ground. With the 
circuit for measuring voltage in the cable 
conductors completed through the tracks 
this voltage is the same as that producing 
the shielding current, but if the circuit is 
completed through ground connections 
independent of the tracks the conductor 
voltage is produced chiefly by the induction 
along the cable, which in this case was 
smaller than the voltage imposed on the 
sheath. In general, the difference in shield 
factors for the 2 reference points of con- 
ductor voltage will depend, among other 
things, upon factors which control the 
voltage to ground of the tracks, chief among 
which are the self-impedance of the tracks, 
their leakage conductance to ground, and 
length of energized section. If the ener- 
gized trolley, the cable sheath, and the 
conductors are of equal length, the ratio of 
shield factor for voltages referred to tracks 
to that for voltages referred to independent 
grounds ranges from unity for very long 
feeding distances through a maximum 
value which may be as much as 4 or 5 under 
average conditions as to ballast resistance, 
to a value considerably less than unity for 
very short feeding distances. 

The results obtained with this shielding 
arrangement during approximately 4 years 
of service have been very satisfactory from 
the communication standpoint in the limita- 
tion of induced voltages and freedom from 
service interruptions from this source. 

Another installation of aerial, tape- 
armored cable on the Pennsylvania Rail- 
road was used to replace open-wire con- 
ductors on the concrete pole line across the 
New Jersey meadows between Newark, 
N. J., and the west end of the Hudson 
River tunnels to New York. In addition 
to the tape armored cable, this pole line 
carries an unarmored lead sheath cable, 
a braid covered signal cable, and a 4/0 


copper shield wire which is carried on pin 
type insulators on top of the wood crossarm 
from which the cables are suspended. The 
tape armored cable has a lead sheath 0.151 
in. thick with an outside diameter of 27/16 
in., over which is wound a double layer of 
galvanized steel tape 2 in. wide and 0.044 in. 
thick. The plain lead sheath cable has a 
sheath thickness of 1!/g in. and outside 
diameter of 21/3 in. The features of the 
electrification system and the exposure of 
the communication circuits are similar to 
those described for the Wilkes-Barre divi- 
sion. 

Tests conducted jointly as on the Wilkes- 
Barre division were made over a section of 
this line about 3 miles long. At the ter- 
minals of this section provision was made for 
connecting the cable sheaths and shield 
wire to the track return system through 
impedance bonds. Measurements were 
made of 25-cycle induced voltage with the 
previously mentioned shields connected 
singly or in groups and with one trolley, 
coterminal with the test conductors and 
shields, energized with a current of about 
385 amp. Shield factors observed under 
the test conditions were as follows: tape 
armored cable alone, 0.52; lead sheath 
cable alone, 0.69; shield wire alone, 0.44 
to 0.53; and all shielding conductors in 
parallel, 0.31 to 0.88. The induced voltages 
in all cases were referred to ground con- 
nections about 200 ft from the tracks. 
For the length of section used in this test, 
the shield factors would have been larger 
had the voltages been referred to the track 
return system. It will be noticed that the 
shield factor for the shield wire ranges 
below the shield factor for the tape armored 
cable. This is undoubtedly due to the 
fact that the latter was measured at a low 
value of sheath current and it would be 
expected that at values of sheath current 
obtainable under normal load or short- 
circuit conditions, the tape armored cable 
would compare much more favorably with 
the shield wire. 

With regard to the use of the track return 
system instead of ground connections inde- 
pendent of the tracks for completing the 
shielding circuit for tape armored cables 
and shield wires, it is the view of the 
Pennsylvania Railroad that with the former 
the effectiveness of the shielding system is, 
in general, increased. The track return 
system in most of the electrified sections 
involves a plurality of heavy, well-bonded 
rails in parallel, the conductivity of which 
is augmented by copper ground wires on 
the catenary structures, conditions which 
limit voltages imposed on the shielding 
structures due to potential difference be- 
tween track and ground. The equivalent 
of low resistance ground connections is 
obtained with ease and the necessity and 
expense of installing and maintaining 
driven ground connections are avoided. 


L. P. Ferris: It is of interest to examine 
how charts of Moore’s paper may be utilized 
for the rapid solution of specific problems 
of the kind discussed in the paper by 
Gilkeson and Hanks. 

The inductive exposure discussed in the 
Gilkeson-Hanks paper is 20 miles long, 
capable of giving longitudinal induced 
voltages at the location proposed for the 
communication conductors of 18,600 volts 
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for the worst fault condition on the power 
line and 170 volts for the worst normal 
operating condition. The corresponding 
voltages per 1,000 ft are 176 and 1.6. The 
frequency is 60 cycles. It was desired 
to reduce the longitudinal voltage on the 
communication conductors to something 
less than 900 volts under abnormal condi- 
tions and to less than 5 volts under normal 
conditions. Thus, shield factors of 0.048 
for abnormal induction and 0.029 for nor- 
mal induction are required. The problem 
is, in essence, to find a practical design of 
armored cable which will give these or 
better shield factors. 

If it be assumed that a cable of approxi- 
mately full size would be required to carry 
the desired number of communication con- 
ductors plus auxiliary conductors paralleled 
with the sheath, and that the sheath is 
grounded at the ends of the exposure, Fig. 5 
of Moore’s paper is directly applicable. 
With a disturbing field of 176 volts per 1,000 
ft and the corresponding desired shield 
factor of 0.048, there is found for the re- 
sistance of the sheath, plus grounding re- 


R 
sistance (ra + 7) a value of 0.063 ohm 


per 1,000 ft. For induction under normal 
operating conditions of 1.6 volts per 1,000 
ft and the corresponding required shield 
factor of 0.029, Fig. 5 gives the resistance 
as 0.015 ohm per 1,000 ft. Obviously, 
therefore, the normal induction is the con- 
trolling factor in determining the permissible 
resistance of the cable sheath. If it be 
assumed that the sheath is grounded 
through connections of negligibly low re- 
sistance, the sheath resistance itself must 
not exceed 0.015 ohm per 1,000 ft, to ob- 
tain which there would be required about 
580,000 cir mils of copper in parallel with 
the normal lead sheath. This is but slightly 
larger than the value worked out by Gilke- 
son and Hanks. Returning to Fig. 5 with 
this sheath resistance of 0.015 ohm per 1,000 
ft and the 176 volts per 1,000 ft induced 
under abnormal conditions, there is found 
a shield factor of about 0.012, again in 
good agreement with the figure derived by 
Gilkeson and Hanks. 

From a developmental standpoint, it is 
to be regretted that the proposed installa- 
tion has not materialized so as to afford an 
opportunity for an experimental check on 
these estimates. 


H. R. Moore: Although more than 500 
miles of steel tape armored communication 
cable have been installed in this country, 
there have been as yet only a few instances 
in which the choice of this construction was 
based upon a need for its unique shielding 
properties. Hence, it has been of consider- 
able interest to study the report of I. C. 
Forshee and K. L. Maurer on 2 installations 
of armored cable specifically intended to 
protect communication circuits from induc- 
tion due to an electrified railway. Because 
of the high traction currents the protection 
of circuits located on the railway right-of- 
way definitely requires shielding of the 
order provided by the steel armored cable. 
Extensive use of this type of cable has been 
made in Europe also, notably in Germany 
and in Sweden, under such conditions. 

Two errors have been found in the printed 
text of the paper: The unit applying to the 
symbol ¢ in the list following eq 3 should 
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be inches rather than mils. In Figs. 7 
and 8, the units for the quantity 1/G 
should be (mho ft X 1,000)!/2 rather than 
(mho per 1,000 ft)1/2. 


lron Armored Aerial 
Communication Cable 


Discussion and authors’ closure of a paper by 
C. L. Gilkeson and A. J. Hanks published 
in the June 1934 issue, p. 890-5, and pre- 
sented for oral discussion at the communica- 
tion session of the summer convention, Hot 
Springs, Va., June 27, 1934. 


A. E. Bowen: In the paper by Messrs. 
Gilkeson and Hanks the authors say that 
their ‘problem is to determine the most 
economical combination of iron armoring 
and copper shielding capable of providing 
the desired degree of reduction.’’ While 
they arrived at a cable design which would 
yield the desired shielding it is not at all 
certain that the recommended cable is the 
most economical one. Looked at critically 
the problem which the authors set and 
answered was: ‘“‘Given a cable sheath of 
fixed dimensions, armored with iron tapes 
of fixed dimensions and magnetic character- 
istics, what amount of copper placed within 
and connected in parallel with the sheath 
will supply the desired amount of shielding?” 
To this restricted problem the authors have 
supplied an answer, but the more general 
problem is considerably more difficult and 
has by no means been solved. 

If, in the design of a cable for a given 
application, the adjustment of the copper- 
lead-iron balance is given complete latitude, 
there may be considered as variables: 

For the iron tapes. Number, thickness, width, 
spacing (or angle of lay), permeability, and re- 
sistivity. 

For the lead sheath. Thickness. 

For the copper shield wires. Number, gauge, and 
angle of lay. (Alternatively, tapes or rectangular 
wires might be considered.) 

A fixed dimensional factor is the inner 
diameter of the copper as determined by 
the required group of communication con- 
ductors and their insulation, while only 
those combinations are eligible which yield 
a specified shield factor for a specified field 
intensity. The latter condition demands 
the additional specification of the earth 
return impedance of the cable sheath and 
its grounding resistances. 

From the purely electrical standpoint, 
the array of possible variations in design 
features is formidable. If there are con 
sidered at the same time the mechanical 
consequences of changes in the size and 
method of spiralling of the copper wires or 
iron tapes, as is necessary to insure a cable 
of feasible characteristics, the complica- 
tions are multiplied. Finally, determina- 
tion of the most economical design from 
among all of the possible constructions 
capable of affording the required shielding 
would require interrelated studies of costs 
of materials and manufacture involving a 
most intricate balance. It may be con- 
cluded that, with the information now 
available, it is not practical to determine 
what construction is the most economical. 

Preliminary experimental studies by the 
Bell Telephone Laboratories of means for 


improving the shielding other than by 
paralleling the sheath with copper have 
indicated that much could be gained by 
modification of the armoring, which, in the 
present cables, was designed primarily from 
mechanical considerations. With the same 
amount of steel, so wound as to diminish 
the air gap between turns and annealed to 
develop greater permeabilities, it is expected — 
that the improvement in the shielding may 
be such as to substantially reduce the 
amount of auxiliary copper required. 
Further benefits are possible by changes in 
the composition of the steel. Some of 
these possibilities have also been investi- 
gated experimentally by Zastrow and Wild 
of the Siemens Halske Company (E.N.T. 
1932, v. 9, p. 10). 


K. L. Maurer: The paper by Messrs. 
Gilkeson and Hanks is an interesting ex- 
ample of inductive codrdination planning 
in advance of construction of one of the 
facilities involved in an inductive relation- 
ship. Field tests on several actual installa- 
tions of tape armored aerial cable with 
which I am familiar have indicated the 
general reliability of the formulas and data 
upon which the calculations in the paper 
are based, and there appears to be. no 
reason why the large estimated reduction 
factor for the cable design worked out by 
the authors could not have been realized 
in practice. It is thus a striking illustra- 
tion of the possibilities in special cable 
design to incorporate protection against 
outside disturbing influences. ~ 

In the section dealing with direct con- 
tacts between a faulted phase conductor 
and the cable sheath several statements: 
would appear to need a certain amount of 
qualification. It is mentioned that in the 
event of such a contact the cable sheath 
would be raised in potential to earth by an 
amount equal to the product of the fault 
current and the impedance of the cable 
sheath to ground, and that this potential 
difference would also exist between the 
sheath and the conductors inside at, the 
point of contact but not along the cofduc- 
tors nor at their terminals. The first of 
these statements is correct if the faulted 
phase wire and the cable sheath are so 
situated in relation to one another that 
there is no inductive coupling between 
them. This condition might be realized, 
for example, by a contact at a right angle 
crossing of a cable and an a-c power line. 
Under these circumstances the voltage of. 
the cable sheath above earth would be 
equal to the product of the total current 
entering the sheath and the impedance of 
the sheath to ground at that point. How- — 
ever, this voltage will, in general, not exist 
between the cable sheath and the internal 
conductors at the point of contact, the 
latter also being elevated in potential 
above earth by reason of the voltage in- 
duced in them by the current on the cable 
sheath. The voltage between the sheath 
and the conductors at the point of contact 
will depend on a number of factors among 
which are the electrical constants of the 
sheath-earth circuit, the leakage conduct- 
ance of the sheath to ground, and the length 
of the cable either way from the point of 
contact. If the cable sheath and conductors 
extend for considerable distances beyond 
the point of contact or if the conduc- 
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tors are connected to ground through ter- 
minal apparatus the potential between 
sheath and conductor at the point of con- 
tact will be the integrated resistance drop 
in the cable sheath. For the cable de- 
scribed in the paper this quantity would be 
expected to be a relatively small part of the 
voltage of sheath to ground so that the 
voltage of conductor to ground at the point 
of contact would be expected to be of the 
same order of magnitude as the voltage of 
sheath to ground. 

If the power line is parallel to and not 
widely separated from the cable, which is 
understood to be the arrangement applying 
to the situation considered in the paper, the 
potential to ground assumed by the cable 
sheath in the event of a cross would be 
influenced by the voltage induced in the 
cable sheath by residual power line current 
on either side of the point of contact. For 
the same total fault current and the same 
cable sheath conditions as in the right angle 
crossing case, the voltage to ground at the 
point of contact would, in general, be 
expected to be lower. The voltage between 
cable sheath and conductors at the point 
of contact also would be influenced by the 
coupling with the faulted power conductors 
on each side of the contact. These relation- 
ships can readily be formulated in terms of 
the distributed constants of the cable and 
the mutual impedance between the power 
line and the cable. These expressions are 
rather cumbersome, and as their formula- 
tion depends on the physical arrangement 


of the systems involved with regard to such 
things as length of power and communica- 
tion lines, single versus 2-way power feed, 
location of fault, etc., they are not given 
here. 

With regard to the calculated values of 
sheath to ground voltage given in the table 
at the end of the section dealing with this 
question, it would appear from the above 
considerations that the voltage figures would 
not also apply to the potential between 
sheath and conductors. The large differ- 
ence in sheath to ground voltage depending 
upon whether the contact is in the middle 
of a span or at a tower seems surprising, in 
view of the relatively short spans (15 towers 
per mile, or about 350-ft spacing on the 
average). If these potentials are taken as 
the product of the fault current and the 
impedance of the sheath to ground, the 
earth-return impedance of the sheath 
apparently would have to be between 11 
and 12 ohms per mile to account for the 
difference in voltage for the 2 points of 
contact. 


C. L. Gilkeson: Mr. Maurer comments on 
the large difference in the computed voltage 
to ground for the condition of a contact in 
midspan and at a tower. The reason for 
this difference is that these calculations 
were not based on the average span of 350 ft, 
but on the maximum span of 600 ft. The 
longer span, of course, represents the more 
unfavorable condition. 


Throat Liners of the Boulder Dam Penstocks 


A RECENT photograph taken as machinists in the shops of the Westinghouse 
Electric and Manufacturing Company at East Pittsburgh, Pa., prepare to “face off”’ the 
throat liners of the huge penstocks to be used at Boulder Dam. The tool in the left back- 
ground makes the desired cut in the face of the casting, 2 minutes being required for 


each complete revolution. 
thickness of the steel. 


After being ‘‘faced off,” 912 holes are drilled through the 2-in. 
Ten days are required for this latter operation on the boring 


machine, which had to be improvised to accommodate the casting’s unusually large size. 
The steel casting weighs 40 tons, and is 36 ft in outside diameter. 
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Recent Developments 
in Power Line Carrier 


Discussion of a paper by T. Johnson, Jr., 
published in the April 1934 issue, p. 542-7, 
and presented for oral discussion at the 
communication session of the summer con- 
vention, Hot Springs, Va., June 27, 1934. 


R. C. Buell: The unit construction em- 
ployed in the carrier telephone equipment 
described in Mr. Johnson’s paper makes it 
possible to utilize this apparatus for carrier 
applications other than telephone. In the 
operation of power systems, carrier very 
frequently offers means of supervisory 
control, remote indication, and relaying 
which have outstanding advantages in 
economy and reliability. The most im- 
portant of these applications of carrier 
has been pilot relaying of transmission 
lines. For most power systems pilot 
relaying surpasses all other forms of pro- 
tection in the speed with which all line 
faults can be cleared. Carrier is of par- 
ticular advantage as a pilot channel, not 
only because of the economies it offers but 
because of its inherent reliability; it is in 
use only when the transmission line is con- 
ducting power current to an external short 
circuit, and under this condition the con- 
tinuity of the carrier channel is absolutely 
assured. 

The use of power line carrier as a simple 
solution to remote control problems is 
illustrated by the instance of an operating 
company which had a long high-voltage 
power line tapped by another circuit some 
distance from the generating station. The 
usual substation with oil circuit breakers 
and associated equipment could not be 
justified and only air break disconnect 
switches were installed in the circuits. 
Due to the inaccessible location of these 
disconnect switches, it often took a patrol- 
man 2 or 3 hours to reach the switches 
when trouble occurred on this line. In 
order to facilitate restoration of service, the 
2 disconnect switches were motor operated 
from a battery and a time delay under- 
voltage relay was installed to open the air 
break disconnect switches in case of power 
failure. Carrier current was used to send 
a tripping impulse over the power line to 
reclose the disconnect switches one at a 
time at the discretion of the operator. 
Now, when the line gets in trouble, the 
operator tests the line to the disconnect 
switches, and, if O. K. that far, he closes 
first one and then the other disconnect 
switch, locating the section in trouble and 
restoring service to the good section. 

In another case, a load dispatcher wanted 
to be able to vary the load on an automatic 
hydroelectric station, so a simple carrier 
transmitter was installed at his office, anda 
receiver at the station. When the operator 
wants to increase the load at the station he 
pulls a switch in one direction which ener- 
gizes the carrier current transmitter on each 
positive half cycle of the 60-cycle power 
system. The receiver at the station picks 
up a relay and starts opening the gates as 
long as the carrier is transmitted. When 
the operator desires to decrease the load 
he pulls the switch in the opposite direction, 
sending out carrier on the negative half 
cycle which runs the gates toward the 
closed position. 


Neves 
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A.1.E.E. Directors Meet 
at Institute Headquarters 


The regular meeting of the board of 
directors of the American Institute of 
Electrical Engineers was held at Institute 
headquarters, New York, N. Y., on August 
7, 1934. 

Present: President—J. Allen Johnson, 
Buffalo, N. Y. Past Presidents—J. B. 
Whitehead, Baltimore, Md.; and H. P. 
Charlesworth, New York, N. Y. Vice 
President—W. H. Timbie, Cambridge, 


Mass. Duirectors—F. Malcolm Farmer, 
New York, N. Y.; N. E. Funk, Philadel- 
Doiawe la ee eS Gear, mChicagomelie: 
Everett S. Lee, Schenectady, N. Y.; 


L. W. W. Morrow, New York, N. Y.; 
A. C. Stevens, Schenectady, N. Y.; and 
H. R. Woodrow, Brooklyn, N. Y. National 
treasurer—W. I. Slichter, New York, N. Y. 
National secretary—H. H. Henline, New 
York, N. Y. 

The minutes of the board of directors 
meeting held June 27, 1934, were approved. 

A resolution in memory of Past President 
Harris J. Ryan, who died on July 3, 1934, 
was adopted, as appearing elsewhere in this 
issue. 

A report was presented of a meeting of 
the board of examiners held July 25, 1934, 
and the actions taken at that meeting were 
approved. Upon the recommendation of 
the board of examiners, the following actions 
were taken: 7 applicants were elected and 
16 were transferred to the grade of Member; 
57 applicants were elected to the grade of 
Associate; 75 Students were enrolled. 

The finance committee reported monthly 
expenditures, as follows: July, $18,128.34; 
August, $13,504.51. Report approved. 

Upon recommendation of the committee 
on Student Branches, authorization was 
given for the organization of a Student 
Branch of the Institute at Brown Univer- 
sity, Providence, R. I. 

Announcement was made of the appoint- 
ment by the President of committees for 
the administrative year beginning August 1, 
1934; and representatives of the Institute 
on various bodies were appointed by the 
board for the new year. (List of commit- 
tees and representatives appear elsewhere 
in this issue.) 

In accordance with the by-laws of the 
Edison Medal committee, the board con- 
firmed the appointments to the committee 
made by the president, as follows: C. E. 
Stephens as chairman for the year 1934- 
1935, and H. B. Gear, L. C. Nichols, and 
J. B. Whitehead, for terms of 5 years each; 
and the board elected from its own member- 
ship, for terms of 2 years each, F. M. 
Farmer, Everett S. Lee, and A. C. Stevens. 

Complying with the by-laws of the 
Lamme Medal committee, the board con- 
firmed the president’s appointment of 
C. E. Skinner as chairman for the year 
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beginning August 1, 1934, and of L. E. 

Imlay, F. B. Jewett, A. M. MacCutcheon 

as members of the committee for terms of 
years each. 

Cc. O. Bickelhaupt (chairman), F. J. 
Chesterman, J. Allen Johnson, William 
McClellan, and C. E. Stephens were re- 
appointed representatives, and H. H. Hen- 
line, alternate, of the Institute on the 
assembly of American Engineering Council 
for the year 1935. 

The following local honorary secretaries 
were reappointed for the 2-year term begin- 
ning August 1, 1934: V. J. F. Brain, for 
Australia; A. S. Garfield, for France; 
H. P. Thomas, for India; and W. Elsdon- 
Dew, for Transvaal. 

Report was made of the appointment, 
upon the nomination of the standards 
committee, of the following representatives: 
R. C. VanSickle as a member of the 
Institute delegation on the Sectional Com- 
mittee on Power Switchgear, A.S.A. Project 
No. C-37; and W. C. White as one of the 
Institute’s representatives on the Sectional 
Committee on Radio, A.S.A. Project C-16. 

An invitation was presented to nominate 
a person for the award of the 1935 Kelvin 
Medal, and the president was authorized 
to appoint a committee to recommend 
nominees to the board of directors. 

Decision was made to hold the next 
meeting of the board of directors on Friday, 
October 19, 1934. 

Other subjects were discussed, reference 
to which may be found in this or future 
issues of ELECTRICAL ENGINEERING. 


President of 
A.S.T.M. Dies 


William Hastings Bassett, newly elected 
president of the American Society for 
Testing Materials, died on July 21, 1934, 
only 3 weeks after assuming his new office. 
He was born at New Bedford, Mass., on 
March 7, 1868. He graduated from Massa- 
chusetts Institute of Technology with the 
degree of B.S. in 1891, and after various 
chemical work joined the Ohio Brass Com- 
pany in 1903 as chief chemist, becoming 
technical superintendent and metallurgist 
in 1912 and metallurgical manager in 1930. 

Mr. Bassett was a pioneer metallurgist in 
the brass industry, and was among the first 
in the United States to apply microscopy to 
the metallography of non-ferrous metals, 
and likewise the spectroscope to routine 
work in the industry. He was a past- 
president of the American Institute of 
Mining and Metallurgical Engineers and a 
former director of the American Institute 
of Chemical Engineers. Other societies in 
which he held membership included the 
American Chemical Society, The American 


ae 
Future AIEE Meetings 


Winter Convention, 
New York, N. Y., Jan. 22-25, 1935 


South West District Meeting, 
Oklahoma City, Okla., Apr. 26-28, 
1935 


Summer Convention, 
Ithaca, N. Y., June 24-28, 1935 


Pacific Coast Convention, 
Los Angeles vicinity, Fall 1935 


Great Lakes District Meeting, 
Indianapolis—Lafayette Section terri- 
tory (Date to be determined) 


Society of Mechanical Engineers, Society 
of Automotive Engineers, American Electro- 
chemical Society, Mining and Metallurgical 
Society of America, American Geographical 
Society, Franklin Institute, Institute of 
Metals of London, England, and Society 
of Chemical Industry of London, England. 
His son, W. H. Bassett, Jr. (M’80) is 
technical superintendent and metallurgist, 
Anaconda Wire and Cable Company, 
Hastings-on-Hudson, N. Y. 


Ford to Install Second 
110,000-Kw Generator 


A second 110,000-kw turbine generator is 
to be installed by the Ford Motor Com- 
pany at its River Rouge power plant at 
Fordson, Mich., similar to, but even more 
efficient than the one installed there in 1930. 
The new machine, like the first, is a vertical 
compound unit, and the high pressure tur- 
bine and generator will be mounted directly 
on top of the low pressure turbine and gener- 
ator. Each element has a capacity of 
55,000 kw, and rotates at 1,800 rpm. The 
rating of the combined unit is 110,000 kw, 
80 per cent power factor, 13.8 kv, 3 phase, 
60 cycles, with steam conditions of 1,200-lb 
gauge pressure, 900-deg F total tempera- 
ture, and one inch absolute back pressure. 
Because of the high initial temperature, it 
is not necessary to reheat the steam before 
it goes into the low pressure unit, as had to 
be done in the case of all 1,200-lb turbines 
built heretofore. 

As a result of the high temperature, less 
than a pound of coal will be needed to 
generate the kilowatthour. One of the im- 
portant features of the vertical design will be 
the small amount of space taken by the unit, 
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the general dimensions being 57.5 ft by 23 
ft, with 21 ft over-all height from the floor. 
The weight will be approximately 1,000 
tons. 

For the same station, a 15,000-kw non- 
condensing turbine is being obtained to 
furnish process steam to the Ford factory 
at 250 lb pressure. Both units are being 
built by the General Electric Company. 


Former Chairman of 
Boston Section Dies 


W. Irving Middleton, who for many years 
was active in the electrical industry, died 
at his home in Watertown, Mass., on April 
27, 1934. He was a specialist in insulation, 
and was chief electrical engineer of the 
Simplex Wire and Cable Company, Boston, 
Mass., until poor health caused his resigna- 
tion from his position and from the Institute 


2 years ago. Mr. Middleton was born at 
Lowell, Mass., February 9, 1870. He 
joined the Simplex organization in 1903, 
and was instrumental in the development 
of the sine wave generator. He was elected 
an Associate in 1909, and a Member in 1914. 

Mr. Middleton presented a number of 
papers before the Institute, and was chair- 
man of the Boston Section in 1920-21. He 
was one of the founders of the Insulated 
Power Cable Engineers Association, and a 
member of the National Electric Light 
Association, the American Engineering 
Standards Committee, and the Engineers’ 
Club of Boston. 


Major Armstrong Appointed Professor at 
Columbia University. Major Edwin How- 
ard Armstrong, famed for his discoveries in 
radio communication, and a central figure 
in a celebrated patent controversy which 
after nearly 2 decades still engages the at- 
tention of the United States Supreme Court, 


Tue death, on July 3, 1934, of Dr. 
Harris J. Ryan removed from the American 
Institute of Electrical Engineers its thirty- 
sixth President and a member who had 
throughout his career, participated en- 
thusiastically in its activities. 

Upon beginning his life work as an 
engineering teacher only 2 years after 
his graduation, in 1887, from Cornell 
University, he im- 
mediately displayed 
one of his most no- 
table characteristics, 
an impelling desire 
to ascertain through 
experimental re- 
search the basic sci- 
entific facts needed 
to give his students 
a clear understanding 
of the fundamental 
principles involved 
in the various types 
of electrical equip- 
ment. In 1889, he 
presented his paper 
on the transformer, 
which received wide 
attention and was 
the first of a long series of technical 
papers presenting the results of pioneer 
research in many divisions of electrical 
engineering. As head of a department 
of electrical engineering during nearly 
the whole of his career, he constantly 
brought to his administrative duties and 
to his work in the classroom great en- 
thusiasm and breadth of vision supported 
by a vast store of technical information 
developed through his studies and ex- 
perimental researches. 


In Memoriam 


HARRIS J. RYAN 


His ability, his delightful personality, 
his keen enthusiasm in the advancement 
of scientific knowledge and in the 
education of young engineers, his con- 
tinuing interest in the problems en- 
countered by his graduates, and his out- 
standing contributions to the develop- 
ment of the electrical industries made 
him a highly respected leader, and won 
the affection of all 
who knew him. 

Professor Ryan 
joined the Institute in 
1887, and was trans- 
ferred in 1895 to 
the grade of Member 
and in 1923 to the 
grade of Fellow. 
He served on many 
Institute committees, 
represented it upon 
other bodies, and 
was manager 1893- 
96, vice president 
1896-98, and presi- 
dent 1923-94. He 
was awarded the 
Edison Medal in 
19925. 

RESOLVED: That the board of di- 
rectors of the American Institute of 
Electrical Engineers hereby expresses, 
upon behalf of the membership, its deep 
sorrow at the death of Dr. Ryan, and 
its keen appreciation of his many con- 
tributions to its activities, and be it 
further 

RESOLVED: That these resolutions 
be entered in the minutes and copies 
be transmitted to members of his family. 

—A.|.E.E. Board of Directors, August 7, 1934 
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has been appointed professor of electrical 
engineering at Columbia University. Ma- 
jor Armstrong will direct instruction in ra- 
dio communication and high frequency re- 
search in the Hartley laboratory, which will 
be incorporated into the department of 
electrical engineering, of which Prof. W. I. 
Slichter (A’00, F’12, and national treasurer) 
is the head. The Hartley laboratories 
have been the scene of many of the accom- 
plishments of Prof. M. I. Pupin (A’90, F’15, 
HM’28, member for life, and past-presi- 
dent), as well as of the early efforts of Arm- 
strong in the development of the vacuum 
tube oscillator. Professor Pupin will con- 
tinue his researches in these laboratories. 
As announced by Dean J. W. Barker 
(M’26, F’30) of the school of engineering, 
the appointment of Major Armstrong fills 
the vacancy created by the death last winter 
of Prof. J. H. Morecroft. 


Annual Science 


Exhibition of A.A.A.S. 


The annual science exhibition of the 
American Association for the Advancement 
of Science and associated societies will be 
held in Pittsburgh, Pa., December 27-30, 
1934. The exhibit will be in the new build- 
ing of the Mellon Institute for Industrial 
Research. This building is probably one 
of the finest pieces of architecture in the 
United States. 

The science exhibition is expected to be 
by far the greatest ever held by this organi- 
zation, and is the single outstanding feature 
of the meetings to be held concurrently with 
the exhibits. Free exhibition space is 
available for those exhibits or demonstra- 
tions which are found acceptable. Some 
of the special attractions already arranged 
are demonstrations on cosmic rays, deute- 
rium, neutrons, induced radioactivity, strato- 
sphere flights, and a series of demonstra- 
tions of recent advances in physics. Re- 
quests for information should be made to 
F. C. Brown, director of exhibits, American 
Association for the Advancement of Science, 
Smithsonian Institution Building, Wash- 
ington, D. C. 


Additional Awards for 
1933 Institute Papers 


In addition to the national and District 
prizes for papers presented before the Insti- 
tute during the calendar year 19338, as an- 
nounced in ELECTRICAL ENGINEERING for 
June 1934, p. 1026, and August 1934, p. 
1234-5, announcement now has been made 
of the award of 2 additional prizes. These 
are: 


District No. 2 

Prize for best paper awarded to Maxwell K. 
Goldstein (A’33) for his paper ‘‘Telemetering in 
Large Power Stations,” presented before the Balti- 
more Section, May 19, 1933. 


District No. 8 


Prize for best paper awarded to Lloyd F. Hunt 
(A’21) and Alex A. Kroneberg (A’26) for their pa- 
per ‘‘Some Recent Relay Developments,”’ presented 
before the Los Angeles Section, December 12, 1933. 
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Membership — 


The Section membership committees have been continuing their 
activities during the summer months and the results are as follows: 


Applications for membership received during May, June, and 


July, 1933 


Applications for membership received during May, June, and 


July, 1934 


We need the help of every member of the Institute in our member- 
ship work. As a member you can do 2 things: 


1. Be appreciative of the program of your Section membership committee and 


give of your time to it as you can. 


2. Send to the Chairman of your Section membership committee the names of 
those whom you think should be invited to join the Institute. 


Chairman National Membership Committee 


71 
116) 


eticers to the Editor 


CONTRIBUTIONS to these columns are invited 
from Institute members and subscribers. They 
should be concise and may deal with technical 
papers, articles published in previous issues, or 
other subjects of some general interest and pro- 
fessional importance. ELECTRICAL ENGINEERING 
will endeavor to publish as many letters as possible, 
but of necessity reserves the right to publish them 
in whole or in part, or to reject them entirely. 


STATEMENTS in these letters are expressly un- 
derstood to be made by the writers; publication 
here in no wise constitutes endorsement or recog- 
nition by the American Institute of Electrical 
Engineers. 


Engineering Education 
for Non-Engineers 


To the Editor: 


The primary purpose of secondary educa- 
tion is to fit the graduate to live up to the 
full capacity of his potentialities, adequately 
adjusted to the environment in which he 
finds himself. The present civilization in 
which we are now living is an engineering 
civilization, the chief landmarks of which 
are our so-called modern conveniences. 
Man’s present day environment is per- 
meated with engineering achievements in 
which the forces and materials of nature 
have truly been yoked for his benefit. It 
is well-nigh impossible to pick out any 
detail of man’s daily routine that is devoid 
of dependence upon engineering. From 
the time he rises from his bed in the morning, 
until he retires at night, he unknowingly 
finds himself totally dependent upon the 
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ingeniousness of the engineer. The worst 
calamity that an Asmodeus could wreck 
upon humanity would be to remove 
the past 50 years of engineering progress 
from our present civilization and leave us 
with only those conveniences which existed 
at that time. If a civilization is to exist at 
all, it must be a progressive civilization; 
a dormant or retrogressive civilization 
eventually leads to annihilation. A progres- 
sive civilization is one that is dominated by 
the results of engineering achievements, 
each achievement based upon former 
achievements, and each one a little better 
than those which have gone before. Civili- 
zation is thus in a state of flux, with a slowly 
and constantly progressive trend toward 
something a little better. Civilization’s 
progress is intimately linked with engineer- 
ing progress; these 2, in fact, being synono- 
mous. Man’s present environment in which 
he lives, moves, and has his being, is thus 
an engineering environment, and his second- 
ary education should, therefore, fit him to 
live in such an environment. 

It is putting the matter conservatively to 
say that a large percentage of all male 
students in the colleges do not know why 
they are there, what they are headed for, or 
what they are interested in. They do not 
know what they want to do after leaving 
college, therefore they do not know what 
course to pursue while in college. The 
result is that very often they select a hit-or- 
miss set of courses (outside of the required 
courses) with enough easy ones to make 
certain of accumulating an abundance of 
credit units toward graduation. And 
that is the way they prepare to meet the 


problems of life; they feel that the best 
bet probably is to take a general course 
which will fit them for anything in general, 
but nothing in particular. 

Since the world in which the graduate 
must live and earn a living is so pervaded 
with things engineering, what better selec- 
tion could he make to adjust himself to his 
environment than to take an engineering 
course? A college course in engineering 
will come nearer to fitting him for our 
present civilization than any other choice 
he could make; it is an ideal “general 
course”’ and will put him in a better position 
to strike out for a livelihood than any other 
general course he could devise. This is 
true no matter whether he finally becomes 
a butcher, banker, business man, or what 
not. Because he takes an engineering 
course does not necessarily mean that he 
must practice engineering upon graduation. 
He can enter any line of business and will 
find that his rigorous training in analytical 
thinking based upon facts will stand him 
in good stead for success in that business. 

Too many practicing engineers today 
advise young men to take any course in 
college but engineering, with the thought 
in mind that an engineering course is good 
for nothing else other than the practice of 
engineering. The first thought that comes 
to mind is, “There are already too many 
engineers, so why encourage more?” and 
they never stop to consider that an engi- 
neering training might possibly be good 
for something other than the practice of 
engineering. If more men were encouraged 
to take engineering with the broad idea in 
mind of preparing for life and not neces- 
sarily for engineering alone, the engineering 
profession would receive a much greater 
appreciation for its services and would not 
be in such a sad plight of non-recognition 
as it is today. No one appreciates the 
problems of engineering better than engi- 
neers themselves, consequently, if more of 
our business men had engineering training, 
the profession of engineering would be 
much more highly appreciated. 

The complaint that an engineering course 
is too narrow and devoid of the necessary 
liberalizing subjects to make it a good 
general course, is groundless. The average 
engineering curriculum permits a goodly 
number of elective courses to be selected 
from the departments of economics, English, 
history, psychology, sociology, etc., so that 
by and large the engineer’s training becomes 
fairly liberal. The engineering curriculum 
requires considerably more credit hours 
than the general or arts curriculum, and 
very frequently the number of elective 
hours almost equals the number of hours 
required for one year’s work in the arts 
course, making it possible for the engineering 
student to carry the equivalent of almost a 
whole year of liberal arts. It is difficult to 
conceive of a more ideal college course than 
the engineering curriculum with electives in 
liberal arts. Such a course not only pre- 
pares the student to live in and contribute 
the most to this present age, but it auto- 
matically builds up a greater appreciation 
for the engineer and the engineering profes- 
sion. 

Very truly yours, 

W. J. SEELEY (A’19, M’28) 
(Professor of Electrical 
Engineering, Duke Uni- 
versity, Durham, N. C.) 
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De oral less 


J. B. Fisxen (A’03, F’13, and member 
for life) safety engineer, The Washington 
Water Power Company, Spokane, was 
honored by the Institute’s Spokane Branch 
by the presentation of a resolution com- 
memorating his 21 years of activity in 
the founding and building of the Branch. 
The presentation was made at a meeting 
celebrating the 50th anniversary of the 
Institute and the 21st of the Branch. Mr. 
Fisken has been intimately connected with 
power development in Washington since 
1887. He was an Institute manager, 
1916-19, and a vice president, 1919-20, 
and has served on the following committees: 
public policy (now Institute policy), 1916- 
17; sections, 1917-18, 1920-22; economics 
of electric service, 1919-20; and member- 
ship, 1928-29. 


PHILANDER Betts (A’96, F’13, and life 
member) has resigned as chief engineer of 
the New Jersey Board of Public Utility 
Commissioners after 24 years’ service, and 
will engage in private practice. Previous 
to his connection with the commission he 
was engaged in the construction of power 
plants and street railways and as a govern- 
ment engineer at Washington, D.C. Dur- 
ing the war he became a lieutenant colonel, 
later becoming a colonel in the engineers 
reserve corps. He has served on several 
Institute committees: board of examiners, 
1914-16 and 1921-23; economics of electric 
service, 1914-19; meetings and papers 
(now technical program), 1915-17; and 
safety codes, 1924-30. 


L. F. Morenouse (M’16, F’20) equip- 
ment development engineer, American 
Telephone and Telegraph Company, New 
York, N. Y., has had the degree of doctor 
of engineering conferred upon him by the 
University of Michigan in recognition of 
his contributions to telephone engineering. 
He has been engaged in communication en- 
gineering since 1906. Mr. Morehouse has 
been very active in Institute affairs, having 
been a manager 1919-23 and a vice presi- 
dent 1924-26, and has been on 13 commit- 
tees. 


J. C. Damon (A’05, M’13) formerly en- 
gineer in the construction department of 
Jackson and Moreland, Boston, Mass., is 
now chief engineer with the Public Service 
Commission of Wisconsin, where he has 
given special attention to the continuous 
inventory plan for public utilities. He 
served on the power transmission and dis- 
tribution committee of the Institute from 
1925 to 1927. 


M. M. SamueEts (F’24) formerly with the 
J. G. White Engineering Corporation, New 
York, N. Y., has been appointed economic 
analyst of the rate survey being made by 
the Federal Power Commission. Mr. Samu- 
els was a member of the Institute’s power 
generation committee from 1924 to 1927. 
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W. A. Hitirepranp (A’08, M’138) pro- 
fessor of electrical engineering, University 
of California, Berkeley, Calif., has been 
elected secretary of the San Francisco Sec- 
tion of the Institute for 1934-35. He 
served on the power transmission and dis- 
tribution committee 1925-26 and 1933-34. 


J. B. FISKEN 


Joun Morse (A’09) general superinten- 
dent, Shawinigan Water and Power Com- 
pany, Montreal, Que., Canada, has been 
elected president of the Canadian Electrical 
Association for the coming year. Mr. 
Morse is a member of the general power 
applications committee of the Institute. 


G. T. SHOEMAKER (M’20) vice president, 
United Light and Power Engineering and 
Construction Company, Davenport, Iowa, 
has been named assistant general manager 
in the United Light and Power Company, 
Davenport. He will continue his former 
duties in the subsidiary company. 


E. A. Batpwin (A’07) vice president, 
International General Electric Company 
Inc., Paris, France, has been designated by 
the American government as an official ob- 
server to the eighteenth session of the In- 
ternational Labor Conference now in ses- 
sion at Geneva. 


C. H. Keer (A’09, M’13), patent attor- 
ney specializing in electrical and automo- 
tive patents, New York, N. Y., has been 
elected secretary of The New York Patent 
Law Association for 1934-5. Mr. Keel is 
a member of the firm of Bartlett, Eyre, 
Scott, and Keel. 


G. C. SHaap (A’03, F’13) dean, school of 
engineering and architecture, University of 
Kansas, Lawrence, was elected a vice 
president of the Society for the Promotion 
of Engineering Education at the annual 
meeting held in June at Ithaca, N. Y. He 
was a vice president 1980-32. 


C. J. Hawkes (M’26) engineer, The 
Electric Storage Battery Company, Seattle, 
Wash., has been lecturing on recent de- 
velopments in storage batteries before each 
of the 4 Northwest Sections. 


C. F. Himes (A’34) electrical department, 
Stanolind Pipe Line Company, Haven 
Kans., received the 1933 A.I.E.E. South 
West District prize for Branch paper and 
not the North Eastern District prize as 
announced in the August 1934 issue. 


H. S. Lane (A’12, M’30) assistant engi- 
neer, Pacific Gas and Electric Company, 
San Francisco, Calif., has been elected a 
member-at-large of the Institute’s San Fran- 
cisco Section. He was a member of the 
communication committee 1933-34. 


J. F. Porter (A’87, F’33, and member 
for life) president, Kansas City Power and 
Light Company, Kansas City, Mo., has 
received an honorary degree in electrical 
engineering from Iowa State College, Ames, 
of which he is a graduate. 


W. J. S. Dormer (A’25, M’31) division 
toll plant engineer, Bell Telephone Com- 
pany of Canada, Montreal, Que., for the 
past 5 years, has been appointed district 
engineer, Three Rivers and Montreal sub- 
urban districts. 


H. C. Hamirton (A’23, M’26) superin- 
tendent, standardizing and testing depart- 
ment, Edison Electric Illuminating Com- 
pany of Boston, Mass., has been elected 
vice chairman of the Boston Section of the 
Institute. 


T. R. Lancan (A’13, M’30) northeastern 
district manager, Westinghouse Electric 
and Manufacturing Company, New York, 
N. Y., has been elected a director of the 
New York Electrical Society. 


DonaLp RuHopEs (A’30) division trans- 
mission engineer, Bell Telephone Company 
of Canada, Montreal, Que., for the past 2 
years, has been appointed district engineer 
of the Sherbrooke district of that company. 


C. W. Letuy (A’30) publishing director, 
Electrical West, McGraw-Hill Company of 
California, San Francisco, Calif., has been 
elected a member-at-large of the Institute’s 
San Francisco Section. 


D. D. Smatiey (A’20, M’33) distribu- 
tion superintendent, Midland Counties 
Public Service Corporation, Santa Maria, 
Calif., has been elected a member-at-large 
of the Institute’s San Francisco Section. 


G. J. Crowpes (A’21, M’32) electrical 
engineer, Simplex Wire and Cable Com- 
pany, Cambridge, Mass., has been elected 
chairman of the Boston section of the In- 
stitute. 


J. B. Kosrocx (A’13, M’26) assistant to 
the general manager, New England Tele- 
phone and Telegraph Company, Boston, 
Mass., has retired as chairman of the execu- 
tive committee of the Engineering Societies 
of New England. 


H. I. Frycs (A’03, M’13) former presi- 
dent of the Emerson Electric Manufactur- 
ing Company, St. Louis, Mo., has become 
chairman of the board of that company. 
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C. A. Corney (A’16, M’20) assistant 
superintendent, electrical engineering de- 
partment, Edison Electric Illuminating Com- 
pany of Boston, Mass., is chairman of the 
executive committee of the Engineering 
Societies of New England. 


P. O. Nosie (A’19, M’28) has been ap- 
pointed engineer of the fractional horse- 
power motor engineering department, of 
which he was formerly assistant engineer, 
of the General Electric Company, Fort 
Wayne, Ind. 


A. F. Weicsa (A’12, M’27) former en- 
gineer of the fractional horsepower motor 
engineering department of the General 
Electric Company, Fort Wayne, Ind., has 
been appointed consulting engineer of that 
department. 


F. W. Briss (A’80) district manager, 
sales development department, General 
Electric Company, Boston, Mass., is a 
member of the executive committee of the 
Engineering Societies of New England. 


C. E. Wirson (A’16) electrical erecting 
engineer, General Electric Company, Sche- 
nectady, N. Y., has been elected a director 
of the Electric Household Utilities Corpo- 
ration. 


J. M. Murray (A’29) electrical engineer, 
Simplex Wire and Cable Company, Cam- 
bridge, Mass., has been elected secretary 
and treasurer of the Boston Section of the 
Institute. 


W. G. Srearns (A’09) formerly with the 
General Cable Company, is sales repre- 
sentative for The Okonite Company in San 
Francisco, Calif. 


H. A. Situ (A’03) division manager, 
Wisconsin Power and Light Company, 
Fond du Lac, Wis., for the past 2 years, is 
now in charge of special development work 
for the same company in Madison, Wis. 


A. M. Bounert (A’12, M’26) district 
engineer, Ohio Brass Company, San Fran- 
cisco, Calif., has been elected chairman of 
the Institute’s San Francisco Section for 
1934-35. 


E. M. Wricut (A’20, M’31) assistant 
engineer, Pacific Gas and Electric Company, 
San Francisco, Calif., has been elected vice 
chairman of the Institute’s San Francisco 
Section for 1934-385. 


R. O. BRoSEMER (A’31) General Electric 
Company, San Francisco, Calif., has been 
elected a member-at-large of the San Fran- 
cisco Section of the Institute. 


G. F. Fow er (A’29) Bell Telephone 
Laboratories, Inc., New York, N. Y., has 
been elected treasurer of the New York 
Electrical Society. 


J. B. Bassett (A’13, M’23) assistant dis- 
trict engineer, General Electric Company, 
New York, N. Y., has been elected a di- 
rector of the New York Electrical Society. 
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Obituary 


HERBERT AUBREY Barre (A’11) chief 
engineer, Southern California Edison Com- 
pany, Ltd., died on June 28, 1934, as the 
result of a cerebral hemorrhage. He was 
born at Picton, Nova Scotia, Canada, on 
January 26, 1875. After his graduation 
from the University of California in 1897 
he was employed by several power and tran- 
sit companies in California until in 1902 he 
became assistant to a Los Angeles, Calif., 
consulting engineer. Four years later he 
was again engaged with power companies, 
and in 1908 came to New York, N. Y., as 
engineer with the Electric Operating Con- 
struction Company. He returned to Cali- 
fornia 3 years later as electrical-mechanical 
engineer for the Pacific Light and Power 
Corporation, a company later acquired by 
the Southern California Edison Company. 
Mr. Barre became executive engineer of 
the latter company in 1917 and chief engi- 
neer in 1929. He was largely responsible 
for the construction and operation of the 
first 150,000-volt long-distance transmission 
line in the world, that between the Big 
Creek-San Joaquin development and Los 
Angeles. This line was converted under his 
supervision for 220,000-volt operation in 
1923. He served the Institute on the 
transmission and distribution committee, 
1915-17, and the power generation com- 
mittee, 1920-27. Mr. Barre was also a 
member of The American Institute of Me- 
chanical Engineers. 


SAMUEL GROENENDYKE McMEEN (A’95, 
F’12, and member for life) retired consult- 
ing engineer of Pasadena, Calif., died on 
June 22, 1934. He was born at Eugene, 
Ind., Nov. 28, 1864. He left Purdue Uni- 
versity, Lafayette, Ind., to work for the 
Central Union Telephone Company in 1884, 
becoming assistant chief engineer at 
Chicago, IIll., in 1896. In 1902 he accepted 
a position as engineer in the central office 
equipment department of the Western 
Electric Company, Chicago, Ill. Two years 
later with the late K. B. Miller he formed 
the firm of McMeen and Miller in Chicago, 
consulting engineers in telephone systems, 
and patent experts. For this firm Mr. 
McMeen designed and constructed the 
automatic telephone systems in San Fran- 
cisco, Oakland, and Berkeley, Calif. In 
1912 he entered public utility management, 
and was president of the Mount Hood Rail- 
way and Power Company, Portland, Ore.; 
Columbus Railway Power and Light Com- 
pany, Columbus, Ohio, Ohio State Tele- 
phone Company; and East St. Louis 
railway, light, power, and gas properties. 
He was vice president and director of 
similar properties in Tennessee, and was 
also chairman of the board of directors 
of the North Electric Manufacturing 
Company, Galion, Ohio, from 1918 to 
1922. He was a member of the Naval 
Consulting Board in 1916. Mr. McMeen 
was au inventor of many devices used in 
the telephone and automotive arts. In 
conjunction with others he wrote ‘“Te- 
lephony,” ‘American Archery,’? and the 


“American Handbook for Electrical Engi- 
neers,” and was author of other technical 
writings. He served on the Edison Medal 
committee 1912-17, and was also a member 
of The American Society of Mechanical 
Engineers, the Western Society of Engi- 
neers, and the American Electric Railway 
Association. 


GroRGE ALFRED Damon (A’98, F’14) 
consulting engineer, Pasadena, Calif., died 
June 23, 1934, of cerebral congestion after 
an illness of only a few hours. He was 
born at Chesaning, Mich., April 7, 1870. 
During 1893 he was employed at the World’s 
Fair in Chicago, Ill., and for a short time 
by the Fisher Electrical Works, Detroit, 
Mich., after which he returned to the Uni- 
versity of Michigan to complete his course 
and receive his engineering degree in 1895. 
Following graduation he was associated 
with B. J. ARNOLD (A’92, F’12, past presi- 
dent, and member for life) in Chicago, IIl., 
as draftsman and engineer. From 1900 
to 1907 Mr. Damon was managing engineer 
of The Arnold Company, engineers and 
constructors in Chicago, and in this position 
was in responsible charge of the design of 
power plants and electrical installations for 
a number of railroads. In 1907 he was 
again associated with Mr. Arnold on tran- 
sit appraisals and reports in New York, 
N. Y., and Pittsburgh, Pa. He went to Cali- 
fornia in 1910 and the following year be- 
came dean of engineering at the California 
Institute of Technology, Pasadena, Calif., 
which position he held until 1914. He 
then engaged in consulting engineering in 
Los Angeles, San Jose, and Long Beach, 
Calif. He was a member of the Pasadena 
Historical Society, and of the Western So- 
ciety of Engineers, and a past president of 
the Society for the Promotion of Engineer- 
ing Education. He was chairman of the 
Los Angeles Section of the Institute in 1913. 


ARTHUR W. Dawson (A’19) manager, 
Michigan Northern Power Company, died 
recently. He was born Sept. 2, 1877 at 
Sault Ste. Marie, Mich., and worked first 
as a lineman for the Bell Telephone Co., 
then in power house work with the Cana- 
dian government. In 1900 he became 
electrician with the Rhodin Chemical Works 
for 2 years, then entered the Michigan Lake 
Superior Power Company as chief operator, 
one year later becoming superintendent, 
taking charge a few years later of the elec- 
trical installation and operation of a sta- 
tion of the Michigan Northern Power Com- 
pany, in which he eventually became mana- 
ger. 


DONALD CAMERON ALLISON (A’26) manu- 
facturer’s representative, Mexico, D. F., 
Mexico, died in January 1933, according 
to word recently received at Institute head- 
quarters. He was born at Philadelphia, 
Pa., on April 8, 1889. In 1907 he was em- 
ployed by the Mexican General Electric 
Company, and with the exception of a year 
in the foreign department of the General 
Electric Company at Schenectady, N. Y., 
in 1916, remained in Mexico, becoming 
assistant manager there in 1925, 
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Applications 
for Election 


Applications have been received at headquarters 
from the following candidates for election to 
membership in the Institute. If the applicant has 
applied for direct admission to a grade higher than 
Associate, the grade follows immediately after 
the name. Any member objecting to the election 
of any of these candidates should so inform the 
national secretary before Sept. 30, 1934, or 
Nov. 30, 1934, if the applicant resides outside of 
the United States or Canada. 


Anderson, C. H. (Member), Niagara, Lockport & 
Ontario Pwr. Co.,; Olean, N. Y. 

Anderson, H. A., Buffalo, Niagara & Eastern Pwr. 
Corp., Buffalo, N. Y. 

Bangs, N. K., The Fox Paper Co., Lockland, Ohio. 

Baum, M., N. Y. Water Serv. Corp., N. Y. City. 

Brown, M. K. (Member), Niagara, Lockport & 
Ontario Pwr. Co., Buffalo, N. Y. 

Clancy, C. A. (Member), Niagara Falls Pwr. Co., 
Niagara Falls, N. Y. 

Poaning, O. M., Thomas A. Edison Inc., Orange, 


ay. 

Eley, F. L., Southern California Edison Co. Ltd., 
Los Angeles. 

Frantz, W. P., Curtis Pub. Co., N. Y. City. 

Griffin, G. G., Crouse-Hinds Co., Dallas, Tex. 

Hackmann, W. K., Natl. Pwr. Survey, Federal 
Pwr. Comm., Washington, D. C. 

Harrington, H. L. (Member), Buffalo, Niagara & 
Eastern Pwr. Corp., Buffalo, N. Y. 

Holland, G. E., United Elec. Controls Co., South 
Boston, Mass. 

Jeffe, E. F. (Fellow), N. Y. Edison Co. & United 
Elec. Lt. & Pwr. Co., N. Y. City. 

Johnson, E. M., Gen. Elec. Co., Spokane, Wash. 

Jopncon, R. L., 12 S. Mulberry St., Hagerstown, 


Jones, J. D., c/o M. W. Kellogg Co.; 
Refining Co., Philadelphia, Pa. 
Kurtz, J. A., J. Kurtz & Sons, Inc., 773 Broadway, 

Bklyn., N. Y. 
Lacallade, C. J., 515 Scotland St., Williamsburg, 


Va. 

Lal, G. D., R. C. A. Victor Co., Inc., Camden, N. J. 

Lammers, E. S., Jr. (Member), Westinghouse Elec. 
& Mfg. Co., Atlanta, Ga. 

Leather, Maurice P., Boston Woven Hose & 
Rubber Co., Cambridge, Mass. 

Montgomery, L. A., Imperial Irrigation Dist., 
Andrade, Calif. 

Osborn, R. E., Delco Remy Corp., Anderson, Ind. 

Otto, G. A. (Member), The Teleregister Corp., 
ING City, : 

Robida, R. E. (Member), Niagara Falls Pwr. Co., 
Niagara Falls, N. Y. 

Sawyer, O. E., New England Pwr. Assoc., Provi- 
dence, R. I. 

Sharp, H. M. (Member), Buffalo Gen. Elec. Co., 
Buffalo, N. Y. 

Smith, R. L. (Member), Buffalo, Niagara & Eastern 
Pwr. Corp., Buffalo, N. Y. 

Stone, E. W., Central Illinois Light Co., Peoria. 

Tice, H. W., So. Calif. Edison Co. Ltd., Los 
Angeles, Calif. 

Ulrey, D., Westinghouse Res. Lab., East Pitts- 
burgh, Pa. 

Wagner, E. S. (Member), 205 W. Chocolate Ave., 
Hershey, Pa. 

Wheeler, W. S., P. O. Box 43, Dover, N. H. 

Wohlgemuth, A. J., Telautograph Corp., N. Y. 
City. 

Zinter, H. C., Buffalo Gen. Elec. Co., Buffalo, N. Y. 
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Atlantic 


Foreign 

Billingham, H. O., Elec. Industries (Pty.) Ltd. 
Cape Town, So. Africa. 

Dawson, George (Member), McMaster-Jacob 
Engg. Co., Ltd., Toronto, Ont., Canada. 

Fethi, S. I., Pwr. House of Kozlu Komuris, Zon- 
guldak, Turkey. 

Gautam, S., Upper India Sugar Mills Ltd., Kha- 
tauli, Dist. Muzaffar Nagar, India. 

Mildner, R. C., Std. Tel. & Cables, North Wool- 
wich, London, England. 

Miller, J. L. (Member), Ferranti Ltd., Hollin- 
wood, Lancashire, England. 

Panaotovic, P. Gj. (Member), Amer. Yugoslav 
Elec. Co., Novisad, Yugoslavia. 

Thorn, R. C., Taikoo Sugar Refinery, Hong Kong, 
China. 


8 Foreign 


Addresses 
Wanted 


A list of members whose mail has been returned 
by the postal authorities is given below, with the 
address as it now appears on the Institute record. 
Any member knowing of corrections to these 


SEPTEMBER 1934 


addresses will kindly communicate them at once to 
the office of the secretary at 33 West 39th St., 
New York, N. Y. 


aati William C., 801 S. Lynn St., Champaign, 
soe da pm Levon M., 776 N. Cass St., Milwaukee, 
aa C., 161 Madison Ave., New York, 
Handley, Wilbur H., 4416 Loren Ave., Los Angeles, 


Calif. 

Jordan, Henry, 7408A Christopher 
Montreal, Que., Can. 

Losoncy, William A., 14067 Cherrylawn Ave., 
Detroit, Mich. 

Mexal, J. Rene, 86-03 Britton Ave., Elmhurst, 
ey Le Nae 

Moellendick, K. F., L. A. Automotive Works, 
1010 Towne Ave., Los Angeles, Calif. 

Schultz, Carl H., 15 Cook St., Jersey City, N. J. 

Stuntz, Hans, 106 Peck Ave., Newark, N. J. 

Thompson, B. F., Minas de Matahambre, Mata- 

: hambre, Pinar Del Rio, Cuba. 

Villegas, Lucio P., Tacoma General 
Tacoma, Wash. 

Wagoner, K. S., 320 Wisconsin, Oak Park, Ill. 
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Colombus, 


Hospital, 


Eoinearnty 


Leiteeanare 


New Books 
in the Societies Library 


Among the new books received at the 
Engineering Societies Library, New York, 
recently, are the following which have been 
selected because of their possible interest to 
the electrical engineer. Unless otherwise 
specified, books listed have been presented 
gratis by the publishers The Institute 
assumes no responsibility for statements 
made in the following outlines, information 
for which is taken from the preface of the 
book in question. 


DESIGN of MACHINE ELEMENTS. By 
V. M. Faires. N. Y., Macmillan Co., 1934. 468 
p., illus., $4.00. Those elements of machines which 


can be designed without using the more com- 
plicated theories of strength of materials are 
presented at the outset, and the chapters then ad- 
vance to more difficult work. The subject can 
thus be studied before strength of materials, or con- 
currently with it. The book covers usual college 
requirements clearly and practically. 


EARTH, RADIO, and the STARS. By H. T. 
Stetson. N. Y., McGraw-Hill Book Co., Whittle- 
sey House, 1934. 336 p., illus., 8x6 in., cloth, 
$3.00. An account of our present understanding 
of the earth in its relations to its cosmic environ- 
ment using recent developments in astronomy, 
geology, and radio engineering; the constitution and 
movements of the earth, the nature of the sun and 
its radiation, sunspots, and the relation between 
solar phenomena and terrestrial magnetism and 
radio transmission are presented. 


ELASTICITY, STRUCTURE, and STRENGTH 
of MATERIALS USED in ENGINEERING 
CONSTRUCTION, Developed by the Geometry of 
Strain and the Energy Function through Thermo- 
dynamic and Chemical Equations in Such Wise 
that Strength May Be Figured from Chemical 
Composition of Rolled Metals and the Modifica- 
tion of This Resistance by Mechanical Work. By 
Cc. A.P. Turner. Privately published by the author 
at 300 Builders Exchange Bldg., Minneapolis, Minn., 
1934. 416 p., illus., 10 x6 in., cloth, $6.00. Con- 
clusions from many years’ study of the theory of 
resistance. Considerable portions of the author’s 
earlier book, ‘‘Elasticity and Strength of Mate- 
rials,’ reappear, but the theoretical framework has 
been further developed. 


MACHINE DESIGN. By L. J. Bradford and 
P. B. Eaton. 3 ed. N. Y., John Wiley & Sons, 
1934. 289 p., illus., 9x6 in., cloth, $3.00. Aims 
to supply a brief course which can be covered in 
about 25 lessons, and which will emphasize the 
fundamental facts and processes of machine design. 
Revised to conform with recent developments, 
especially in lubrication and welded construction. 


MACHINES AUTOMATIQUES, ME£CANI- 
QUES et BLECTRIQUES. (Collection Armand 
Colin.) By P. Maurer. Paris, Librairie Armand 
Colin, 1934. 185 p., illus., 7x5 in., paper, 10, 50 
frs.; bound, 12 frs. A concise study of the automa- 
tization of machines. Bases for a classification 
of automatic machines and of the general theory of 
mechanisms are discussed, the processes for making 
machines automatic are considered, and the chief 
automatic electrical and mechanical devices are 
considered. 


MECHANICS of ENGINEERING. By S. D. 
Chambers. N. Y., Macmillan Co., 1934. 279 p., 
diagrs., 9x6 in., cloth, $3.50. A class-room text 
covering only the essentials of statics and kinetics, 
intended for students of engineering who are ac- 
quainted with the elements of the calculus and 
college physics. The material is arranged to fit 
one-hour recitations. 


MUNICIPAL INDEX, 10thed. 1933. N.Y. 
Am. City Mag. Corp. 491 p., illus., 10x7 in., lea. 
$5.00. An up-to-date list of city managers, 
mayors, engineers, water-works and street super- 
intendents and police and fire chiefs in cities over 
100,000 in population, and of state highway engi- 
neers, together with statistical and other informa- 
tion upon highway construction and maintenance 
street cleaning, water supply, sewage disposal, 
trafic control, parks, playgrounds, ete. Con- 
densed catalogs of materials and equipment are 
also included. 


MYSTERIES of the ATOM. By H. A. Wilson. 
N. Y., D. Van Nostrand Co., 1934. 146 p., illus., 
9x6 in., cloth, $2.50. Concerned chiefly with 
theories about the microscopic structure of the 
universe, but large-scale phenomena are considered 
in chapters on cosmic rays, relativity and gravita- 
tion. By omitting technical details, the story has 
been told briefly, yet with great clarity. 


NOTES on LIGHTNING COMPUTATIONS, 
for Transmission Lines with Overhead Ground 
Wires. By C. A. Jordan. Privately published by 
the author at 40 North Spring Garden Ave., Nut- 
ley, N. J., 1934. 82 p., illus., paper, $5.00. Dis- 
cusses the design of transmission lines with over- 
head ground wires from the point of view of 
lightning protection. General solutions are de- 
veloped for the lightning voltages and currents at 
critical points, the surge impedances of the various 
parts of the ground-cloud circuit and the interwire 
couplings are discussed and, finally, the applica- 
tion of the analytical methods is illustrated by work- 
ing out a typical problem of high-voltage line de- 
sign. Published in facsimile typescript, in an edi- 
tion of 100 copies. 


OUTLINES of PHYSICAL GEOLOGY. By 
C. R. Longwell, A. Knopf and R. F. Flint. N. Y., 
John Wiley & Sons, 1934. 356 p., illus., 9x6 in., 
cloth, $3.00. This is a less comprehensive and 
somewhat simpler treatment of its subject than that 
presented in the text published by these authors 
in 1932. About 2/3 the size of the larger work, it 
follows the same general plan. of presentation and 
order of subjects, but is adapted to shorter courses. 


PROTECTION by PATENTS of SCIENTIFIC 
DISCOVERIES, Report of the Committee on 
Patents, Copyrights and TradeMarks. (Oc- 
casional Publications of the Am. Assn. for the 
Advancement of Science, No. 1, Jan., 1934. Sup- 
plement to SCIENCE, v. 79.) By J. Rossman, 
Chairman, F. G. Cottrell, A. W. Hull and A. F. 
Woods. N. Y., Science Press. 40 p., 10x8 in., 
paper, $.50. Discusses very fully the problem of 
the scientific worker whose researches lead to re- 
sults of commercial value. Considers the ad- 
vantages and disadvantages of protecting inven- 
tions by patent, and the patent policies of various 
institutions. Also discusses the desirability of 
legal protection for scientific discoveries. 


Engineering Societies Library 
29 West 39th Street, New York, N. Y. 


AINTAINED as a public reference library 

of engineering and the allied sciences, this 
library is a cooperative activity of the national 
societies of civil, electrical, mechanical, and min- 
ing engineers. 


Resources of the library are available also 
to those unable to visit it in person. Lists of 
references, copies or translation of articles, 
and similar assistance may be obtained upon 
written application, subject only to charges suffi- 
cient to cover the cost of the work required. 


A collection of modern technical books is 
available to any member residing in North Amer- 
ica at a rental rate of five cents per day per 
volume, plus transportation charges. 


Many other services are obtainable and an 
inquiry to the director of the library will bring 
information concerning them. 
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Officers and Cotiminess for 1934-35 


President 


J. ALLEN JOHNSON Buffalo, N. Y- 
(Term expires July 31, 1935) 


Junior Past Presidents 


H. P. CHARLESWORTH New York, N. Y- 
(Term expires July 31, 1935) 

Baltimore, Md. 
(Term expires July 31, 1936) 


J. B. WHITEHEAD 


Vice Presidents 


Dist. 
No. 
(2) A. M. WILSON Cincinnati, Ohio 
(4) F. M. CRAFT Atlanta, Ga. 
(6) R. B. BONNEY Denver, Colo. 
(8) R. W. SORENSEN Pasadena, Calif. 
G0), Ay BH. HULL Toronto, Canada 
(Terms expire July 31, 1935) 
{1) W. H. TIMBIE Cambridge, Mass. 
(3) R. Ho. TAPSCOTT New York, N. Y. 
(5) G. G. POST Milwaukee, Wis. 
(7) F. J. MEYER Oklahoma City, Okla. 
(9) F. O. McMILLAN Corvallis, Ore. 
(Terms expire July 31, 1936) 
Directors 
L. W. CHUBB East Pittsburgh, Pa. 
B.D. HULL Dallas, Tex. 
H. R. WOODROW Brooklyn, N. Y. 
(Terms expire July 31, 1935) 
G. A, KOSITZKY Cleveland, Ohio 
A. H. LOVELL Ann Arbor, Mich. 
A. Schenectady, N. Y. 


(Terms expire July 31, 1936) 


P. B. JUHNKE Chicago, Ill. 
EVERETT S. LEE Schenectady, N. Y. 
L. W. MORROW New York, N. Y. 


(Terms expire July 31, 1937) 
New York, N. Y. 
Philadelphia, Pa. 

Chicago, Ill. 

(Terms expire July 31, 1938) 


M. FARMER 
FUNK 


D 
R 

A 

H 

C. STEVENS 
W. 

E. 

B. GEAR 


National Treasurer 
W. I. SLICHTER New York, N. Y. 


(Term expires July 31, 1935) 


National Secretary - 
H. H. HENLINE New York, N. Y.- 


(Term expires July 31, 1935) 


General Counsel 


Parker & Aaron 
20 Exchange Place, New York, N. Y. 


Local Honorary Secretaries 
AusTRALIA—V. J. F. Brain, Department of Public 
Works, Philip St., Sydney, N.S. W. 
Brazit—F. M. Servos, Rio de Janeiro Tramway 
Light & Power Co., Rio de Janeiro. 
EncLanp—A. P. M. Fleming, Metropolitan-Vickers 
Elec. Co. Ltd., Trafford Park, Manchester. 
France—A. S. Garfield, 173 Boulevard Hauss- 
mann, Paris, 8e. 
Inpria—H. P. Thomas, 
Lahore. 
Iraty—Renzo Norsa, Via Caravaggio 1, Milan 25. 
New ZEALAND—P. H. Powell, Canterbury College, 
Christchurch. 
SwEepDEN—A. F. Enstrom, 
akademien, Stockholm. 
TRANSVAAL—W. Elsdon-Dew, P. O. Box 4563, 
Johannesburg, Transvaal, Africa. 


41 The Lower Mall, 


Ingeniorsvetenskraps- 


GENERAL COMMITTEES 


Executive 

J. Allen Johnson, Chm., 302 Electric Building, 
Buffalo, N. Y. 

H. P. Charlesworth W. I. Slichter 

F. M. Farmer R. H. Tapscott 


Everett S. Lee J. B. Whitehead 


Code of Principles of Professional Conduct 


C. E. Stephens, Chm., Westinghouse Elec. & Mfg. 
Co., 30 Rockefeller Plaza, New York, N. Y. 

A. H. Babcock L. W. Chubb 

H. H. Barnes, Jr. F. B. Jewett 

H. P. Charlesworth W. E. Mitchell 
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Board of Examiners 


W.R. Smith, Chm., 80 Park Place, Newark, N. J. 
H. E. Farrer, Secy., 33 W. 39th St., New York, 


N. Y 
H. C. Dean F. V. Magalhaes 
H. W. Drake R. H. Marriott 
H. Goodwin, Jr. L. W. W. Morrow 
S. P. Grace A. L. Powell 
H. A. Kidder S. D. Sprong A. E. Silver 


Columbia University Scholarships 


W. I. Slichter, Chm., Columbia University, New 
York, N. Y. 
Francis Blossom H. C. Carpenter 


Constitution and By-Laws 


E. B. Meyer, Chm., 80 Park Place, Newark, N. J. 
C. O. Bickelhaupt H. A. Kidder 
W.S. Gorsuch W. I. Slichter 


Codérdination of Institute Activities 


L. W. W. Morrow, Chm., Electrical World, 330 W. 
42nd St., New York, N. Y. 

C. O. Bickelhaupt 

R. N. Conwell 

H. H. Henline 


E. B. Meyer 
I. M. Stein 
R. H. Tapscott 


Economic Status of the Engineer 


C. O. Bickelhaupt, Chm., 195 Broadway, New 
York, N. Y. 

E. W. Rice, Jr. Charles F. Scott 

W.S. Rugg H. R. Woodrow 


Edison Medal 
Appointed by the President for term of 5 years. 
C. I. Burkholder F. A. Gaby R. A. Millikan 
(Terms expire July 31, 1935) 
E. B. Meyer P. H. Thomas 
(Terms expire July 31, 1936) 
S. P. Grace C. E. Stephens, Chm. 
(Terms expire July 31, 1937) 


H. H. Barnes, Jr. 


Gano Dunn 


V. Bush H. P. Charlesworth K. S. Wyatt 
(Terms expire July 31, 1938) 
H. B. Gear L. C, Nichols J. B. Whitehead 


(Terms expire July 31, 1939) 


Appointed by the Board of Directors from its own 

membership for term of 2 years. 

L. W. Chubb’ G.A. Kositzky H.R. Woodrow 
(Terms expire July 31, 1935) 

Everett S. Lee A. C. Stevens 
(Terms expire July 31, 1936) 


F. M. Farmer 


Ex-officio 
J. Allen Johnson, President 
W. I. Slichter, National Treasurer 
H. H. Henline, National Secretary 
(Terms expire July 31, 1935) 


Finance 
R. H. Tapscott, Chm., 4 Irving Place, New York, 
Nay. 


Everett S. Lee L. W. W. Morrow 


Headquarters 
W. S. Gorsuch, Chm., 600 W. 59th St., New York, 
ING 


H. H. Henline R. H. Tapscott 


Institute Policy 
H. P. Charlesworth, Chm., 195 Broadway, New 


York, Ny Y¥. 
A. W. Berresford D. C. Jackson 
Cc. C. Chesney William McClellan 
B. Gherardi J. B. Whitehead C. E. Skinner 


Iwadare Foundation 

F. B. Jewett, Chm., 195 Broadway, New York, 
INS 

C. E. Skinner Gerard Swope 


Lamme Medal 
P. L. Alger H. B. Gear C. E. Skinner, Chm. 
(Terms expire July 31, 1935) 
C. F. Harding Malcolm MacLaren R. W. Sorensen 
(Terms expire July 31, 1936) 
F. B. Jewett A.M. MacCutcheon 
(Terms expire July 31, 1937) 


L. E. Imlay 


Legislation Affecting the Engineering Profession 
W. I. Slichter, Chm., Columbia University, New 


York, N. Y. 
James P. Alexander L. W. W. Morrow 
TF. Barton John R. Price 
B. M. Brigman Lester S. Ready 
N. E. Funk Herbert S. Sands 


M. R. Scharff 
H. H. Schoolfield 


W. H. Harrison 


D.C. Jackson J. B. Thomas 


Membership 
Everett S. Lee, Chm., General Electric Co., Sche- 
nectady, N. Y. 


C. A. Cora Cc. J. MacDonald 
W. M. Dann J. R. MacGregor 
W. O. Helwig L. W. W. Morrow 


District Vice Chairmen 
R. W. Adams (1) 

E. S. Fields (2) 

J. E. McCormack (3) 
E. P. Coles (4) 

T. G. LeClair (5) 
Ex-officio 

Chairmen of membership committees of all Sections, 


L. A. Bingham (6) 
O. S. Hockaday (7) 
H. W. Hitchcock (8) 
J. Hellenthal (9) 

G. D. Floyd (10) 


New York Museum of Science and Industry, Ad- 
visory Committee to 

John Price Jackson, Chm., New York Edison Co., 
130 E. 15th St., New York, N. Y. 


R. H. Hughes R. H. Nexsen 


Prizes, Award of Institute 


R. N. Conwell, Chm., 80 Park Place, Newark, N. J. 
C. O. Bickelhaupt F. M. Farmer 


Publication 


C. O. Bickelhaupt, Chm., 195 Broadway, New 
Vork, Nov; 

F. A. Lewis, Secy., 33 W. 39th St., New York, 
Nye 

J. W. Barker L. F. Hickernell 

R. N. Conwell E. B. Meyer 

L. A. Doggett L. W. W. Morrow 

W.S. Gorsuch I. M. Stein 


H. H. Henline H. R. Woodrow 


Safety Codes 

F. D. Knight, Chm., Edison Elec. Illuminating 
Co. of Boston, 39 Boylston St., Boston, Mass. 

J. C. Balsbaugh Wills Maclachlan 

A. W. Berresford F. V. Magalhaes 


G. S. Diehl John D. Noyes 
H. B. Gear F. A. Pattison 
I. W. Gross Frank Thornton, Jr. 
W. B. Kouwenhoven W. C. Wagner 
M. G. Lloyd H. S. Warren 
Sections 


I. M. Stein, Chm., Leeds & Northrup Co., 4901 
Stenton Ave., Philadelphia, Pa. 

H. H. Henline, Secy., 33 W. 39th St., New York, 
N. Y. 


L. A. Doggett F. A. Hamilton, Jr. 


Mark Eldredge W. H. Timbie Ay Peal 

Ex-officio 

Chairmen of all Institute Sections. 

Standards 

E. L. Moreland, Chm., 31 St. James Ave., Boston, 
Mass, 

H. E. Farrer, Secy., 33 W. 39th St., New York, 
Nees 

A. B, Cooper J. Franklin Meyer 

A. L. Harding V. M. Montsinger 

C. R. Harte F. D. Newbury 

A.M. MacCutcheon W.JI.Slichter E. B. Paxton 

Ex-o fiicio 


Chairmen of working committees. 

Chairmen of A.I.E.E. delegations and representa- 
tives on other standardizing bodies. 

President of U. S. National Committee of I.E.C. 


Student Branches 


L. A. Doggett, Chm., Pennsylvania State College, 
State College, Pa. 


R. B. Bonney Charles F. Scott 
F. O. McMillan W. H. Timbie 
Ex-officio 


Student Branch Counselors. 


ELECTRICAL ENGINEERING 


—— 


Technical Program 


R. N. Conwell, Chm., 80 Park Place, Newark, 
Ne: 
C. S. Rich, Secy., 33 W. 30th St., New York, N. Y. 


J. W. Barker W. S. Gorsuch 
H. S. Bennion F. C. Hanker 
C. O. Bickelhaupt W. H. Harrison 
O. G. C. Dahl B. D. Hull 


H. B.Gear W.B.Kouwenhoven David M. Jones 
Ex-officio 
Chairmen of technical committees. 


Chairman of committee on codrdination of Institute 
activities, 


Transfers 


H. Goodwin, Jr., Chm., Henry L. Doherty & Co., 
60 Wall St., New York, N. Y. 

Everett S. Lee 

L. R. Mapes 


E. B. Meyer 
Charles F. Scott 


TECHNICAL COMMITTEES 


Automatic Stations 


M. E. Reagan, Chm., Westinghouse Elec. & Mfg. 
Co., East Pittsburgh, Pa. 


F. F,. Ambuhl I, E. Moultrop 
A. E. Anderson J. M. Oliver 
L. D. Bale O. J. Rotty 
John Fies Garland Stamper 
A. M. Garrett D. W. Taylor 
Joseph Hellenthal L. J. Turley 
P. B. Juhnke F. Zogbaum Chester Wallace 
Communication 

H. M. Turner, Chm., Yale University, New Haven, 

Conn. 

E. L. Bowles C. J. Larsen 
L. W. Chubb J. R. MacGregor 
A. A. Clokey John Mills 
J. O'R. Coleman C. W. Mitchell 
F. M. Craft E. J. O’Connell 
W. L. Everitt H. S. Osborne 
I. C. Forshee J. J. Pilliod 
G. H. Gray F. H. Pumphrey 
H. H. Haglund E. R. Shute 
H. L. Huber A. L. Stadermann 
B. D. Hull C. H. Taylor 
C. M. Jansky, Jr. W. M. Vandersluis 
T. Johnson, Jr. Chester Wallace 
G. M. Keenan R. S. Wishart 
M. J. Kelly F. A. Wolff 
H. S. Lane F. C. Young 
Education 


L. A. Doggett, Chm., Pennsylvania State College, 
State College, Pa. 


J. W. Barker D: C. Jackson, Jr. 
Edward Bennett F. E. Johnson 
P. S. Biegler C. L. Kinsloe 
R. B. Bonney A. H. Lovell 
E. L. Bowles T. H. Morgan 
H. V. Carpenter Burke Smith 
R. E. Doherty R. W. Sorensen 
A. M. Dudley A. C. Stevens 
O. W. Eshbach G. B. Thomas 
H. H. Henline W. L. Upson 


Alan Howard Joseph Weil 


Electric Welding 
H. M. Hobart, Chm., General Electric Co., Sche- 


nectady, N. Y. 
Cc. A. Adams C. J. Holslag 
A. M. Candy J. C. Lincoln 
W. E. Crawford Wm. Spraragen 
F. Creedy A. C. Stevens 
K. L. Hansen H. A. Winne H. E. Stoddard 


Instruments and Measurements 


W. B. Kouwenhoven, Chm., Johns Hopkins Uni- 
versity, Baltimore, Md. 


H. S. Baker A. E. Knowlton 
O. J. Bliss H. C. Koenig 
P. A. Borden Everett S. Lee 
H. B. Brooks Paul MacGahan 
J. S. Cruikshank R. T. Pierce 
E. D. Doyle E. J. Rutan 


A. C, Seletzky 


Marion Eppley 
a W. J. Shackelton 


W.N. Goodwin, Jr. 


C. H. G. Gray G. M. L. Sommerman 
T. S. Gray H. L. Thomson 
I. F. Kinnard Joseph Weil H. M. Turner 


Iron and Steel Production, Applications to 
R. W. Graham, Chm., Bethlehem Steel Co., Lacka- 
wanna, N. Y. 


J. J. Booth O. Needham 
F. E. Harrell A. C. Stevens 
G. A. Kaufman A. J. Whitcomb 
L. R. Milburn H. A. Winne 
S. H. Mortensen R. H. Wright 


SEPTEMBER 1934 


Electrical Machinery 


V. M. Montsinger, Chm., General Electric Com- 
pany, Pittsfield, Mass. 


P. L. Alger H. C. Louis 
B. L. Barns O. K. Marti 
E. S. Bundy S. H. Mortensen 
J. E. Clem R. W. Owens 
A. B. Cooper H. V. Putman 
H. E. Edgerton K. A. Reed 
J. L. Hamilton O. E. Shirley 
S. L. Henderson W. F. Sims 
A. H. Hull W. I. Slichter 
C. M. Laffoon George Sutherland 
J. J. Linebaugh C. G. Veinott 


Electrochemistry and Electrometallurgy 

N. R. Stansel, Chm., General Electric Co., Schenec- 
tady, N. Y. 

W. C. Kalb, Vice-Chm., National Carbon Co., Inc., 
Cleveland, Ohio. 

J. C. Hale, Secy., Research Corp., Bound Brook, 


NAG 
J. V. Alfriend W. C. Kalb 
L. W. Chubb H. P. Kirchner 
P. H. Brace A. E. Knowlton 
G. H. Clamer CHG, Levy, 
F. M. Clark R. G. Mansfield 
C. L. Dudley Wm. E. Moore 
G. W. Elmen J. L. Woodbridge 


A. M. Hamann C. P. Yodder 


Electrophysics 


W. F. Davidson, Chm., Brooklyn Edison Co., 55 
Johnson St., Brooklyn, N. Y. 


S. S. Attwood C. E. Magnusson 
A. Boyajian R. C. Mason 
O. E. Buckley F. O. McMillan 
K. K. Darrow H. H. Race 
C. S. Gordon Joseph Slepian 


L. O. Grondahl J. B. Whitehead M.S. Vallarta 


Liaison Representatives of American Physical Society 


Harvey L. Curtis Leigh Page 


Light, Production and Application of 


J. W. Barker, Chm., Columbia University, New 
York, N. Y. 


H. S. Broadbent R. D. Mailey 
C. A. B. Halvorson G. S. Merrill 
L. A. Hawkins P. S. Millar 
J. T. Holmes L. W. W. Morrow 
W. C. Kalb A. L. Powell 


Marine Work, Applications to 


H. C. Coleman, Chm., Westinghouse Elec. & Mfg. 
Co., East Pittsburgh, Pa. 


E. C. Alger I. H. Osborne 
R. A. Beekman G. A. Pierce 
E. M. Glasgow W. H. Reed 
H. F. Harvey, Jr. H. M. Southgate 
C. J. Henschel W. E. Thau 
Wm. Hetherington, Jr. A. E. Waller 
H. L. Hibbard O. A. Wilde 
A. Kennedy, Jr. J. L. Wilson 
J. B. Lunsford R. L. Witham 
L. W. W. Morrow W. N. Zippler 


Mining Work, Applications to 
L. C. Isley, Chm., Bureau of Mines Experiment 
Station, 4800 Forbes Street, Pittsburgh, Pa. 


J. E. Borland C. W. Parkhurst 
Graham Bright K. A. Pauly 
J. H. Edwards D. E. Renshaw 
L. H. James A. C. Stevens 
Carl Lee E. B. Wagner 


C. H. Matthews C. D. Woodward J. F. Wiggert 


Power Applications, General 
Mark R. Woodward, Chm., Babcock & Wilcox 
Co., 20 North Wacker Drive, Chicago, Ill. 


(Members to be appointed.) 


Power Generation 


H. W. Leitch, Chm., New York Edison Company, 
4 Irving Place, New York, N. Y. 


F. A. Annett A. H. Lovell 
J. R. Baker I. E. Moultrop 
P. H. Chase A. L. Penniman, Jr. 
J. B. Crane G. G. Post 
W. S. Gorsuch C. A. Powel 
F. H. Hollister F. A. Scheffler 
A. H. Hull A. E. Silver 
D. M. Jones W. F. Sims 
A. V. Karpov Philip Sporn 


Power Transmission and Distribution 


D. M. Simmons, Chm., General Cable Corp., 420 
Lexington Ave., New York, N. Y. 

F. E. Andrews W. A. Hillebrand 

G. M. Armbrust D. C. Jackson, Jr. 

Raymond Bailey J. P. Jollyman 


D. K. Blake P. B. Juhnke 
M. O. Bolser A. H. Lawton 
E. S. Bundy J. B. MacNeill 


A. B,. Campbell L. N. McClellan 


C. V. Christie F. J. Meyer 
R. N. Conwell L. L. Perry 
W. A. Curry D. W. Roper 
A. E. Davison H. J. Scholtz 
S. M. Dean G. B. Shanklin 
M. Eldredge A. E. Silver 
R. D. Evans C. T. Sinclair 
F. M. Farmer L. G. Smith 


C. L. Fortescue 
C. W. Franklin 
T. H. Haines 

Edwin Hansson 


H. H. Spencer 
Philip Sporn 
Stanley Stokes 
W. K. Vanderpoel 


C. F, Harding H. S. Warren 
K. A. Hawley A. M. Wilson 
L. F, Hickernell L. F. Woodruff 
C. R. Higson T. A. Worcester 


Protective Devices 
H. P. Sleeper, Chm., Public Service Elec. & Gas 


Co., 80 Park Place, Newark, N. J. 
J. C. Balsbaugh J. P. McKearin 


H. W. Collins H. A. McLaughlin 
J. O’R. Coleman J. R. North 
W. S. Edsall H. V. Nye 
F. R. Ford G. G. Post 
S. L. Goldsborough C. H. Sanderson 
S. M. Hamill, Jr. H. J. Scholz 
J. Hellenthal H. K. Sels 
R. T. Henry L. G. Smith 
A. V. Joslin H. R. Summerhayes 
T. G. LeClair A. H. Sweetnam 
W. A. Lewis, Jr. 0. C. Traver 
H. J. Lingal H. M. Trueblood 
K. B. McEachron E. M. Wood H. E. Turner 


Research 


F. M. Farmer, Chm., Electrical Testing Labora~- 
tories, 80th St. & East End Ave., New York, 


Na Y. 
R. W. Atkinson W. B. Kouwenhoven 
O. E. Buckley Everett S. Lee 
L. W. Chubb F. O. McMillan 
E. H. Colpitts K. W. Miller 
E. C. Crittenden H. H. Race 
ONG! Cy Dahl D. W. Roper 
W. F. Davidson T. Spooner 
F. Hamburger, Jr. Philip Sporn 
H. M. Hobart C. H. Willis 
V. Karapetofft R. J. Wiseman 
A. E. Kennelly K. S. Wyatt 


Transportation 
C. M. Davis, Chm., General Electric Co., Erie, Pa. 


R. Beeuwkes J. J. Linebaugh 
A. H. Candee E. L. Moreland 
Jj. V. B. Duer John Murphy 


N. W. Storer 
W. M. Vandersluis 
Sidney Withington 
G. I. Wright 


N. E 
W. A. Giger 
W.S. H. Hamilton 


INSTITUTE REPRESENTATIVES 


Alfred Noble Prize Committee 
R. N. Conwell 


Am. Assoc. for the Advt. of Science, Council 
C. A. Adams C. E, Skinner 


American Bureau of Welding 
H. M. Hobart 


American Committee on Marking of Obstructions 
to Air Navigation 


R. N. Conwell H. L. Huber 


American Engg. Council Assembly 


C. O. Bickelhaupt Wm. McClellan 
F. J. Chesterman C. E. Stephens 
J. Allen Johnson H. H. Henline, Alternate 


American Marine Standards Committee 
R. A. Beekman 


American Stds. Assoc. Council 


A. M. MacCutcheon 
Alternates 
H. S. Osborne 


F. D. Newbury 


E. B. Paxton 
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American Stds. Assoc. Bd. of Directors 
Bancroft Gherardi 


American Year Book, Advisory Board 

H. H. Henline 

Charles A. Coffin Fellowship and Research Fund 
Committee 

J. Allen Johnson 


Com. of Apparatus Makers and Users, N.R.C. 
L. F. Adams 


Com. on Heat Transmission, N.R.C. 
T. S. Taylor 


Coérdination Committee of Engineering Societies 
C. O. Bickelhaupt W.A. Del Mar L. B. Stillwell 


Educ. Research Com., The Engg. Foundation 
W. S. Rodman 


Electrical Standards Committee, A.S.A. 


A. M. MacCutcheon H. S. Osborne 
F. D. Newbury E. B. Paxton, Alternate 


Engineering Foundation Board 


Engg. Societies Monographs Committee 
E. B. Meyer W. I. Slichter 


Engineers’ Council for Professional Development 
C. O. Bickelhaupt L. W. W. Morrow C. F. Scott 


Hoover Medal Board of Award 


F, B. Jewett E. W. Rice, Jr. 


Gano Dunn 
John Fritz Medal Board of Award 


H. P. Charlesworth Bancroft Gherardi 
C. E. Skinner J. B. Whitehead 


Library Board, United Engg. Trustees, Inc. 


W. S. Barstow H. H. Henline 


W. A. Del Mar W. I. Slichter W. B. Jackson 


National Bureau of Engg. Registration, Advisory 
Board 


W. I. Slichter 


Nat. Fire Prot. Assoc. Electrical Committee 
F. D. Knight F. V. Magalhaes, Alternate 


National Fire Waste Council 


Nat. Research Council, Division of Engg. and In- 
dustrial Research 


L. W. Chubb D. C. Jackson 
Ex-oficio H. H. Henline 


Chester W. Rice 


A.S.S.E.—Engg. Section, 
F. D. Knight 


Wat. Safety Council, 
Com. on Low Voltage Hazards 


Radio Advisory Com., Bur. of Standards 
A. E. Kennelly 


Research Procedure Com., Engg. Foundation 
L. W. Chubb 


United Engineering Trustees, Inc. 
H. P. Charlesworth G.L. Knight H.R. Woodrow 


U.S. National Committee of the International 
Commission on Illumination 


A. E. Kennelly Cc. F. Scott C. H. Sharp 


U.S. National Committee of the International 
Electrotechnical Commission 


A. M. MacCutcheon F. D. Newbury H.S. Osborne 
E. B. Paxton, Alternate 


Commission of Washington Award 


Cc. E. Skinner W. I. Slichter F. D. Knight F. V. Magalhaes L, A. Ferguson Wm. B. Jackson 
Local Sections of the Institute 
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INS Negabqnon pUCAOoO HOO Dirratecis Ree A wELUGSOL mefeisieysieterers pris SCRrOd eterreitsractaiats 2429 E. Market St., Akron, Ohio 
PA aD ati asrelelejersisiele sie’ ie alle rn ae It Af, Sela socsonbuase H. M. Woodward......... Southern Bell Tel. & Tel. Co., Birmingham, Ala. 
I NOES TREE Pe RR CROCE OE Cr L. M, Shadgett....... <2. Wake Olivers smisidanete nite Box 2211, Atlanta, Ga. 
ISBIUIINOLE He iitects eievclsre aris iD enenctett Jel OR opects JL citerpete JeHsacampe.j. ottesessete cre Johns Hopkins University, Baltimore, Md. 
MS OSCOM nileGinielaieleiels eo ole. LSesiaer G. J. Crowdes.......... pasNEMMurray arrose nae 66 Sidney St., Cambridge, Mass. 
Chicag Omicini ele crseieieis Bele eis's Desa Smitha cross vaierctens By Smit hs crore seclre ele sleds oe Illinois Bell Tel. Co., 212 W. Washington St., Chicago, Ill. 
CSINCINTNGLA cies sinistral 9 8 Diareers For ce ORAS cle vatatec ecanct Dede, BP ONSOter iret. io, ies ete General Elec. Co., 215 W. 3rd St., Cincinnati, Ohio 
CEs eNACS EN a le BE a ee ap De Wisse ek NEON a ccna cco H. T. Killingsworth....... American Tel. & Tel. Co., 750 Huron Rd., Cleveland, Ohio 
ONG US Fe raise 'e wars be oh Deane BOE. Dreeseive iecstery water FW. Marquette. 02.5.0. Columbus Ry. Pwr. & Lt. Co., Columbus, Ohio 
Connecticut, onss.<ac rae Dattani He jeeblakesleewarcreiis ste W. B. Hall...............YWale University, New Haven, Conn. 
MAAS ees sires Piaelavelera es oe rie sre ee GOneheniva.. ve. stra Le Ce Starbirdivn. on. cnce cs Telephone Bldg., Room 820, Dallas, Texas 
WD envetisiiccas. ce celine insane GaSS Dring ches os cna RYH Owen soni aciet chemies National Broadcasting Co., 1370 Krameria St., Denver, Colo. 
Detroit-Ann Arbor....... Dietene o/ PoRe Nortel. ccd. Sak cate EE PA SCC Es cack incys ietels a Detroit Edison Co., 2000 Second Ave., Detroit, Mich. ‘ 
1Be Os ossncuacc ocoodod Moone. AS GOOUDICH ie racrerste leis HB i MOOLe jeirsveltters/eteieretake 18 Hess Ave., Erie, Pa. 
ULOURC ae peaicettteneee siete aunyatere ia atae Re Ps OaHthy sch ccareleosee's ace Yosephuweili sete crereners University of Florida, Gainesville, Fla. 
1IGias WER PSs Ganon ono Bieceteaets OMS es ork aeaeaar ID) Pits Manson. . <cretersireveien General Elec. Co., 1635 Broadway, Fort Wayne, Ind. 
PROUSCOM ete cos syecc. ane se hecatetas Ps Hee RODINSOM......-.02 o: Web y BRHCKED rie cleleleeteleters P. O. Box 1780, Houston, Texas ; 
Indianapolis-Laf......... Rereawes 20) 195 IGA Ssmo oop daar WR Binehout as... iiscertiae 5690 N. Delaware St., Indianapolis, Ind. 
RO Wiaretsy ction iota aie setae) seller Dietorster ets 13}. Sh AYLI em ocangooK elle bess Ce eanoandoadene 3415 First Ave., S. E., Cedar Rapids, Iowa 
Me ee netsteres 1 sities sve, 0'%9,.0 Le chet B. Ke Northrop. 5... un, L. A. Burckmyer.......... Cornell University, Ithaca, N. Y. 
Keatisasi@ityictsisielte incl Leigh tt ove RGR risbyeen uc cesce o> EDV icmCACHD Uthat lets stents P. O. Box 679, Kansas City, Mo. 
Mehigh Valley. cc ss -.cie 0 Dt Stang aie C. J. MacDonald....... dear Belli sae cose Pennsylvania Pwr. & Lt. Co., Hazleton, Pa. 
MosvAngeles. 7. ene os « Sekar Heed) Garrison vse). ssf ORWe Holdents esters ec te Bureau of Pwr. & Lt., 207 So. Broadway Los Angeles, Calif 
odisvilece ee ke v's aga W. H. Mansfield........ Gohl: Millen s7oh cc, Lee 731 W. Ormsby Ave., Louisville, Ky. é 
yin th rerareperdevevote) ersveicts. cists Dhrartecers G. R. Sturtevant....... H. A. Hemingway........ General Electric Co., West Lynn, Mass. 
1G Ee cero eRe aC Dy rateretete RH JORNSON arc sere ROR: Benedict as. ccaees University of Wisconsin, Madison, Wis. 
INT QLD IS i ajcieletcrais'aieieracensiete Acres scnite F. L. Christenbury...... HIRE cLosford yo... cern Memphis Pwr. & Lt. Co., Memphis, Tenn. 
Mexico RT eae. peek ale oiateaties Cos Plamb ie sets cee EeiCastroy [reac ceeie science oe National Railways of Mexico, Estacion Colonia, Mexico, D. F 
MMi wattkees wisi ciclscieteia 0 cre Dictorstesecs CED Browrae. siereteustelers EW) RANG Jo5 aie lbye wires eae Marquette Univ., Milwaukee, Wis. j ear 
Ni nNeSOtaseeawiohersis aires Bosresvets Rey Herrmann wrens eta Kunimann.cetes cee University of Minnesota, Minneapolis, Minn 
IWontatialerversiccers «lsios) «= Oreretae aA. Phalersi.0h siscreees EimbDalei Cline acters 312 So. 6th Ave., Bozeman, Montana ; : 
INebtaskares ce cictercciefereie.</s (Os acqnda ‘Deeks Granhieldic. csv GCHEMWinn) si aaleses sce hes 1408 W. O. W. Bldg., 14th and Farnum Sts., Omaha, Nebr 
lew Orleans: se occ class Bi cathe JaMe Todds eancccas ROE JOHNSON.) .servacvecrals 317 Baronne St., New Orleans, La. : ; ; 
IRE NRG dS eu oe OF pO ome Oui oe IW aR Sintth cee ae we Weis. Gorstch 2. iwess sad I.R.T. Co., 600 W. 59th St., New York, N. V. 
Niagara Frontier........ odornaa ogee Land ef oninchetavelerstets CREAGAylord Tacs. shader N. Y. Tel. Co., 63 E. Delavan Ave Buffalo N NG 
North Caroling cclsi<fsrlsvels eC OO H. M. Doerschuk....... Dole Coultetc cac-sicve setets Box 425, Badin, N. C. i i 
Oklahoma Citysnrntestrecre Tic aerators ASIN deter actas-ciersreioen CyETBathe-norsacte eee Oklahoma Gas & Elec. Co., Oklah i 
Philadelphia ne aie Aotecate aks TOI TB Hy CrAlbrechtivc,.recle'cret Jew. MacBurney. sc. scene Elec. Storage Battery Co., PEE ae ren 
Pittsburgh Mibarhavsilsvercrer overs Dreaeve, ek HevATP: Langstafin. aarenGerAs EOWElsisictssrsreteleieiene oat Westinghouse Elec. & Mfg. Co., E. Pittsburgh Pa 
Pittsheldes tape ciate. ete cere ere Ieee ces geo eBuUrn ham ns shies COA Read vnsestauctioreent General Electric Co., Pittsfield, Mass. ; 
Portland mtiiaclerciecaieere aerate BE ose Walter Brenton......... John Bankus.............Portland General Elec. Co., Portland, Ore 
WPTONIGENCE nin ciciciels vies e.0 9 Letetelexe BAB Curdts iets cece RJ... Underwood. ...:.:cs05 Narragansett Elec. Co., Providence R I 
Rochester Selec ce cee hei rad Wine ME Voung-.....8 oe. Branson... cides General Ry. Signal Co., Rochester. N Y. 
St. Louis. wettteee teenies Cbactateas Es'G. McLagan... ..:%. COL Campbell? sea 1322 Pierce Bldg., St. Louis, Mo. oy mae 
San Antonio PP Tote ets tere ls ae e Je Weedtarrell yn. cater oss. EG; Conroyteeor.ccsdeen 10744 Magnolia Drive, San Antonio, Texas 
San Francisco........... Scene AQ Me Bohnett. ir. crcis2ie WirsA> Hilleprandsenn sie University of California, Berkeley Calif 
Saskatchewan........... 10.sa.e TENEVDaylor:.soare: eb. Hotlin tokao ce cee Canadian General Elec. Co., Ltd., Regina, Sask., Can 
WCHEHeCtad yierciele cisiels's)s.<1° Ueooapos HeeAS Ha tatltonees «isi Mlanselowand mantener General Elec. Co., Schenectady N. Ww : : 
Seattle selec siete Qo concs (Oy 105 IRGESRG Soudan oN GRE Walker. store sls itietas Great Northern Ry. Co., 310 King St. Station Seattle, Wash 
Sharon... cette nent eee D hajacacsts Ba J eV Ogel cccnrcieesc arate’ Wieck. Summer ana. ace Westinghouse Elec. & Mfg. Co., Sharon, Pa 3 f 
Southern Virginia........ pe ee E) LL. Lockwood....0..: 6: RVCsBaileye csceis stodenins P. O. Box 112, Richmond, Va. : : ; 
Spokane SERCO ROO ICS iat ss RSS Seed oereraretsveseusts atone MESES Hatch 2 cize.sieiohelsior Washington Water Pwr. Co., Spokane, Wash. 
SeehTaaG los éausonoce Go Ihe aooG J. W. Bennett s00nb GC aro CAG: Veinott a ereracera Westinghouse Elec. & Mfg. Co., Page Bldg Springfield, Mass 
SV LACTSE Mele icicialelisle clctetevens Deieratere Cy Hs. Bissell rek,.vccuk Gor aD ennarntt res acta sir: Syracuse Lighting Co. Inc., Syracuse, N vy. : ; 
ee 5 Cos GOO CIC Re OTTO ir Frepeverere ei - pte dase ot eaus atin vee Campbelleey eee Toledo Edison Co., Toledo, Ohio ae 

GEOMO aarti ss wre se Ls ora ata oP Poet LACE ne cietestat crs ate ie RE JOnes. Se stisis stasis ee Hydro-Elec. Pwr. C i i i 
MOND AIA tere cele aitiels'a sels. a Dinauegeter TE, Smuth as. deere s Ae ARGICh |, a eaemeratene sts University of Title suet te 1D SCS AY Se een rae 
NGiDat ia tei letcietele eferevea sas = DE Boeios eee lain be crarccive see AC Ke) 1a 1.1. eter areeate Utah Pwr. & Lt. Co., Salt Lake City, Utah 
Vancouver........-++.+- LOW caverer F. J. Bartholomew.... J. E. Underhill........... B. C. Elec. Ry. Co. Ltd., 425 Carrall St., Vancouver, B. C 
Wieden Fay obaoccbou eo Pere OC EL Gy DD Orse yar crarecia aut Jape OBrien cnet Catholic University of America Washington DAC S oa 
NVOLCESLEE. y clee.e aa sts ats scsis bibs ee aE. Motgatien. serach. DCR Holton sine sic cle ien 22 Shirley St., Auburn, Mass. ‘ ate 

Total 61 


1334 ELECTRICAL ENGINEERING- 


Geographical District Executive Committees 


on student activities. 


Student Branches of the Institute 


= 


District Chairman (Vice President, A.I.E.E.) Secretary (District Secretary) 
No. 1—North Eastern....W. Se ae, Massachusetts Institute of Technology, Cambridge, A. C. Stevens, General Electric Co., Schenectady, N. Y. 
ass. 
No. 2—Middle Eastern....A. M. Wilson, University of Cincinnati, Cincinnati, Ohio L. L. Bosch, Columbia Engg. Corp., 323 Plum St., Cincinnati, 
; 2 Ohio 

No. 3—New York City....R. H. Tapscott, 4 Irving Place, New York, N. Y. C. R. Jones, Westinghouse Elec. & Mfg. Co., 30 Rockefeller 
Plaza, New York, N. Y. 

No. 4—Southern......... F. M. Craft, P. O. Box 2211, Atlanta, Ga. S. A. Flemister, P. O. Box 2211, Atlanta, Ga. 

‘No. 5—Great Lakes...... G. G. Post, 314 Public Service Bldg., Milwaukee, Wis. A. G. Dewars, Northern States Pr. Co., 15 S. 5th St., Minneapo- 
lis, Minn. 

No. 6—North Central.....R. B. Bonney, 1421 Champa St., Denver, Colo. W. G. Rubel, Mountain States Tel. & Tel. Co., 931 14th St., 
Denver, Colo. 

No. 7—South West....... F. J. Meyer, Oklahoma Gas & Electric Co., Oklahoma City, Okla. C. W. Mier, Southwestern Bell Tel. Co., 405 N. Broadway, 

; ’ : Oklahoma City, Okla. 
N@, SLR eiag ees qian. R. W. Sorensen, California Institute of Technology, Pasadena, J. N. Kelman, Kelman Electric & Mfg. Co., 1650 Naud St., Los 
Calif. : Angeles, Calif. 
No. 9—North West....... F. O. McMillan, Oregon State College, Corvallis, Ore. V. B. Wilfley, 901 Porter Bldg., Portland, Ore. 
Ow LO—Canadanseis cea A. H. Hull, Hydro-Electric Power Commission, 620 University J. M. Thomson, Ferranti Electric, Ltd., Mount Dennis, Toronto 
Ave., Toronto, Ont. 9, Ont. 
Note: Each District executive committee includes the chairmen and secretaries of all Sections within the District and the chairman of the District committee 
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Alabama, Univ. of, University, Ala..........<..0.- 4....Fred R. Maxweil, Jr. 
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British Columbia, Univ. of, Vancouver, B. C....... 10....E. G. Cullwick 
Brooklyn, Poly. Inst. of, Brooklyn, N. Y........... 3....C. C. Whipple 
Bucknell Univ., Lewisburg, Pa.c..c 2... cece cee 2:....G. A. Irland 
Calif. Inst. of Tech., Pasadena, Calif... cence. 8....F. C. Lindvall 
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Carnesie Inst, of Tech., Pittsburgh, Pa... 6c a.c mers 2....G. McC. Porter 
Case Sch. of Ap. Science, Cleveland, Ohio......... Deeks Bs, Dates 
Catholic Univ. of America, Washington, D. C...... 2....T. J. MacKavanagh 
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Clarkson College of Tech., Potsdam, N. Y.......... 1....A. R. Powers 
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Florida, Univ. of, Gainesville, Fla........0.....0.. 4....Joseph Weil 
George Washington Univ., Washington, D. C....... 2....A.G. Ennis 
Georgia Sch. of Tech., Atlanta, Ga................ 4....T. W. Fitzgerald 


Harvard Univ., Cambridge; Mass... 0. f. o.- cee ons 1c les Dawes 
Idaho, Univ. of, Moscow, Idaho..............-.++ Oa ee. er ell 
UNOS aiv. OF Urbana. Dl oon. < eres pils scie 6 sis iese es 5....H. N. Hayward 
lowa State Cot, Ames, lowaiin.. siete cs asccccce Bae ees. WALLS. 
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Kansas; Univ..of, Lawrence, Kath 0.0). ce. scle es 7....R. W. Warner 
Kentucky, Univ. of, Lexington, Ky................ 4....E. A. Bureau 
Watavyetter Colma astounanmrartemisnmlstsrs tetera ste« ee Conover 
Wehich) Univy., Bethlehem, Paces. cine nie «= sles) <iere « 2....N. S. Hibshman 
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Louisville, Univ. of, Louisville, Ky................ 4....J. M. Roberts 
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Mass. Inst. of Tech., Cambridge, Mass............ 1....W. H. Timbie 
Michigan Col. of Min. & Tech., Houghton, Mich... 5....G. W. Swenson 
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Minnesota, Univ. of, Minneapolis, Minn........... 5....J. H. Kuhlmann 
Mississippi State Col., State College, Miss.......... 4....L. H. Fox 
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New Mexico, Univ. of, Albuquerque, New Mexico... 7... 


New York, Col. of the City of, New York, N. Y...... octane 
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North Carolina State Col. Raleigh, N. C........... 4... 
North Carolina, Univ. of, Chapel Hill, N. C........ 4... 
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Ohio State Univ., Columbus, Ohio................ eae 
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Pennsylvania State Col., State College, Pa......... PIAS 
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Pittsburgh, Univ. of, Pittsburgh, Pa............... Dee 
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Pratt Institute; Brooklyn, IN- Viennese sue secre iene 
Princeton WUnive, Princeton, mNu jadeaee sileeieete nets Dts 
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Rhode Island State Col., Kingston, R. I........... Le 
Rice Institute, Houston, Texas............e.ecees ieee 
Rose Poly. Inst..e erre: Haute; Ind... seer eels sieve 5 
Rutgers University, New Brunswick, N. J.......... 3 
Santa Clara, Univ. of, Santa Clara, Calif........... 8 
South Carolina, Univ. of, Columbia, S. C.......... 4 
South Dakota State Col., Brookings, So. Dak....... 6 
So. Dak. State Sch. of Mines, Rapid City, S. D..... 6 
South Dakota, Univ. of, Vermillion, So. Dak....... 6 
Southern California, Univ. of, Los Angeles, Calif..... 8 
Southern Methodist Univ., Dallas, Texas........... if 
Stanford Univ., Stanford University, Calif......... 8 
Stevens Inst. of Tech., Hoboken, N. J............. 3 
Swarthmore Col., Swarthmore, Pa...........--.e0% 2 
Syracuse Univ. oyracdse; Ni Vers sna eareieicierereie oe ul 
Tennessee, Univ. of, Knoxville, Tenn.............. 4 
Texas A. & M. Col., College Station, Texas........ ae 
Texas Technological Col., Lubbock, Texas..... eraaene id 
Mexas, Untiynof, Astin, Lexasirrcis sie Orel eteaers jo oetl 
Utah, Univ. of, Salt Lake City, Utah..... ahi ations 9 
Vermont, Univ. of, Buriingtony Vt.c. cess cieieelela eae 1 
VillanovaCollege, Villanova, Pacis. cicinc o000 cee sr 2 
Virginia Military Inst., Lexington, Va............. 4 
Virginia Poly. Inst., Blacksburg, Va...... ota Tavevetner ste 4 
Virginia, Univ. of, University, Va......... aie sites ~ 4 
Washington, State Col. of, Pullman, Wash......... 9 
Washington, Univ. of, Seattle, Wash...........0.. 9 
Washington: Univ.;, St. Louis; Moi. ses science «cs a 
West Virginia Univ., Morgantown, W. Va.......... 2 
Wisconsin, Univ. of, Madison, Wis.............+.- 5 
Worcester Poly. Inst., Worcester, Mass............ 1 
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Yale Univ., New Haven, Conn............ Bis ee lee Mheie 
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.Chester Russell, Jr. 
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.H. N. Walker 

.R. S. Fouraker 
.W. J. Miller 
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.H. F. Rice 

.W. L. Smith 


J. A. Caparo 
I. S. Campbell 


.F. C. Caldwell 

.A. A. Atkinson 
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.C. T. Almquist 
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.L. A. Doggett 

.C. D. Fawcett 

.H. E. Dyche 

. Miguel Wiewall, Jr. 
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.Malcolm Maclaren 
.A. N. Tepping 
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.Wm. Anderson 


J. S. Waters 


...C. C. Knipmeyer 
..F. H. Pumphrey 
..E. F. Peterson 
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...W. H. Gamble 
..J.O. Kammerman 
...C. W. Caldwell 
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...H. H. Skilling 
..-H. C. Roters 
...Lewis Fussell 
..C. W. Henderson 


J. G. Tarboux 


.E. W. Markle 
Raney Wie leeds 


J. A. Correll 
J. H. Hamilton 


i .H. S. Bueche 
...S. W. Anderson 
. Claudius Lee 


J. S. Miller 


..O. E. Osburn 


J. R. Shuck 


...W. L. Upson 
...A. H. Forman 
...C. M. Jansky 
Sei Da Kenge, 

..G. H. Sechrist 
.. W. By Hall 


Sn 


A Student Branch at Brown University, Providence, R. I., was authorized by the Institute’s board of directors, August 7, 1934, but at the time of going to press 


of this issue, had not yet been organized. 
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Lidusirial Notes 


Westinghouse Orders Show Large Increase. 
—For the 2nd quarter of 1934, Westing- 
house Electric & Mfg. Co. orders totaled 
$33,655,022, as compared with $20,237,588 
for the previous quarter and $17,557,964 
for the second quarter of 1933. Sales billed 
for the second quarter of 1934 totaled 
$27,287,545, compared to $17,994,045 for 
the previous quarter, and $15,926,335 for 
the corresponding quarter of 1933. Un- 
filled orders at June 30 were $31,892,155 as 
compared with $24,705,173 on June 380, 
1933. According to President F. A. Mer- 
rick, orders received for the first half of 
1934 show increase of 77% over a similar 
period in 1933. 


General Radio Co. Opens New York Office. 
—The General. Radio Co., Cambridge, 
Mass., announces the opening of an engi- 
neering office at 90 West Street in New 
York City. Engineers from the Cambridge 
staff have been assigned to this office to 
assist customers in problems pertaining to 
radio and electrical measurements. 


Engineering Services Merged.—Sanderson 
& Porter, Engineers, with offices in New 
York, Chicago, and San Francisco, announce 
the merger of their service for public utility 
valuation and that of the Cecil F. Elmes 
organization, to constitute the valuation 
department of Sanderson & Porter, under 
the direction of Cecil F. Elmes. 


Burgess Appoints E. A. Sipp.—Until re- 
cently manager of the lighting division of the 
Pyle-National Co., E. A. Sipp is now asso- 
ciated with the management of the Burgess 
Battery Co. and C. F. Burgess Labora- 
tories, Inc., and will maintain his head- 
quarters in the offices of the Burgess or- 
ganizations at 111 W. Monroe St., Chicago. 


Allis-Chalmers Moves Chicago Office.— 
The new Field Building, 185 S. LaSalle 
St., now houses the Chicago district office 
of the Allis-Chalmers Mfg. Co. B. F. 
Bilsland is manager of the Chicago district. 
Thus the company returns to its original 
Chicago location, for the new Field Build- 
ing stands on the site of the old Home 
Insurance Building, where the general 
offices of the Allis-Chalmers Co. were first 
located after the company was organized, 
through consolidations, in the year 1901. 


Delta-Star to Produce Oil-Blast Circuit 
Breakers.—The Delta-Star Electric Co., 
Chicago, reports that it has been granted a 
patent license by the General Electric Co. 
to manufacture oil-blast circuit breakers, 
and has also arranged for the use of the high 
capacity testing laboratory of the latter 
company at Schenectady, to conduct tests 
on these new oil-blast designs. The unit 
type line of Delta-Star metal-clad switch- 
gear not only includes oil-blast breakers 
but also the three point balanced circuit 
breaker mounting, with its single worm 
gear lifting and lowering mechanism and 
transfer truck, permitting detanking of 
breaker for test and inspection without the 
use of a separate test rack. 
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New Engineering Service for Manufac- 
turers.—Joseph C. Rah & Co., 5745 West 
Ohio St., Chicago, has recently been or- 
ganized to render special services exclusively 
to manufacturers, along the following lines: 
materials and process ‘engineering;  elec- 
trical insulation design; mechanical and 
electrical design; styling; chemical engi- 
neering; research, development, and special 
problems. The new company reports a 
very favorable response from manufac- 
turers who wish to keep the development 
and design of their equipment up to date 
but at the same time do not wish to add full- 
time specialists to their staffs. 


Electric Locomotives for Penn. R. R.— 
Work has been started at the Erie, Pa., 
plant of the General Electric Co. on electric 
equipment for 11 new type locomotives 
being obtained by the Pennsylvania Rail- 
road as part of a new building program 
which will involve the expenditure of more 
than $6,000,000. Five of the locomotives 
will be entirely constructed by the General 
Electric at Erie; the other equipments will 
be assembled at the railroad’s Altoona 
works. The new engines will be of the same 
general type as those now in regular passen- 
ger service but the cab has been redesigned 
to give the locomotive more symmetry of 
line. The engineman’s control will be in 
the center instead of at the ends of the cab. 
The locomotives will be part of the fleet 
of 101 electrics for through-electric pas- 
senger and freight service between New 
York and Washington, to be inaugurated 
next year. 


Trade Luerataurce 


Sodium-Vapor Lighting.—Bulletin 3010, 4 
pp. Describes the sodium lamp for street 
and highway lighting. General Electric 
Co., Schenectady, N. Y. 


Building Wires and Cables.—Bulletin, 16 
pp. Describes Safecote (flame retarding 
and moisture resistant) braided building 
wires and cables. General Cable Corp., 
420 Lexington Ave., New York. 


Electric Instruments.—Catalog GEA-602D, 
162 pp. Includes complete data on stand- 
ard lines of switchboard, portable and 
laboratory instruments. General Electric 
Company, Schenectady, N. Y. 


Electrically Heated Ladles.—Bulletin P-57. 
Describes electrically heated funnel and 
pouring ladles for waxes, compounds, 
solder, babbitt, etc. Struthers Dunn, Inc., 
139 N. Juniper St., Philadelphia, Pa. 


Oilproof Portable Cords.—Bulletin, 2 pp. 
Describes oilproof ‘‘Okocord,’’ a Thiokol- 


sheathed portable cord conductor, insu- 
lated with Okonite, particularly designed to 
meet oily conditions and highly resistant to 
ozone and corrosive gases and acids. The 
Okonite Co., Passaic, N. J. 


Air Conditioning.—Bulletin, 18 pp., ‘Air 
Conditioning Planned and Proved.’ Out- 
lines the factors to be considered in planning 
air conditioning projects; lists and describes 
typical installations. Clyde R. Place, Con- 
sulting Engineer, Graybar Building, New 
York. 


Overcurrent Relays.—Bulletin 41-505, 12 
pp. Describes types CR and CRA direc- 
tional overcurrent relays, primarily to 
sectionalize transmission lines but used also 
for the protection of generators subject to 
feed-back from other sources. Westing- 
house Electric & Mfg. Co., East Pitts- 
burgh, Pa. 


Pumps.—Bulletin 221, 16 pp. Describes -~ 


multi-stage centrifugal pumps, available 


with as many as six stages in a single casing. 


Bulletin 223, 12 pp. Describes motor 
pumping units, single-stage, single-suction, 
enclosed impeller types, capacities 50 to 
750 g.p.m. Pennsylvania Pump & Com- 
pressor Co., Easton, Pa. 


Ladder Mounts.—Bulletin 376, 24 pp. De- 
scribes the Keystone ladder mount and 
other utility ladders. The ladder mount 
is a complete extension ladder mounted on 
a rotating device and arranged to be carried 
on any small or large truck body. The 
ladder can be rotated throughout a com- 
plete circle and can be rigidly locked in any 
position. Electric Service Supplies Co., 
17th and Cambria Sts., Philadelphia, 
Pa. 


Armored Service Entrance and Drop 
Cables.—Bulletin 100,4 pp. Describes con- 
centric armored service entrance and ser- 
vice drop cables which are now offered in a 
complete line of such types. Photographs 
and tabulations set forth physical charac- 
teristics of the designs available, which may 
be employed in varying combinations to 
satisfy specific requirements. American 
Steel & Wire Co., 208 So. LaSalle St., 
Chicago. 


Brass Die Castings.—Bulletin, 16 pp., 
entitled ‘Brass Die Castings with Strength 
of Steel.” According to this bulletin, in- 
tricate brass parts which have heretofore 
presented a difficult or costly production 
problem can now be produced economically 
by die castings, and parts which formerly 
had to be made in separate units and 
soldered can now be die cast in a single 
operation. Doehler Die Casting Co., 386. 
Fourth Ave., New York. 


Monel Metal.—Booklet. Describes appli- 
cations of Monel Metal, nickel, and nickel- 
clad steel, prepared especially for users of 
industrial processing equipment. Besides 
data on the physical and mechanical proper- 
ties of these materials, the booklet contains. 
considerable miscellaneous information, in- 
cluding instructions on the selection of suit- 
able welding rod and other details on fabri- 
cation. The International Nickel Co., Inc., 
67 Wall St., New York. 
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